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INTRODUCTION 

* .  
1 The poss ib i l i ty   o f   en 'counter ing   pane l   f lu t te r  on the  forvard 

IT: k sk i r t   o f   t he   Sa tu rn  S-IVB s tage  cJf the  Sa.turn V launch  vehicle w a s  

F i nd ica t ed  by a n a l y s i s ,  and subsequent  wind  tunnel  testing  (References 

! . I /  1 and 2 )  ve r i f i ed   t ha t   pane l   f l u t t e r   cou id   occu r   w i th in   t he  tra- 
!;/ j ec tory  dynamic pressure  envelope.  Both  the  analyses and t e s t ,  however, 
I$ 

. were  inconclusive as t o  whether 02- not  the  amplitudes of the   pane l  

f l u t t e r   c o u l d   r e s u l t   i n   p a n e l   f a i l u r e .  

Although  extensive  s-~udies   have  been  carr ied  out   to   def ine  the 

effects   of   var ious  parameters  on f l u t t e r   e n s e t   b o u n d a r i e s ( s e e   b i b l i o -  

graphies i n  References 3 ,  4, 5 ,  6 )  r e l a t i v e l y   l i t t l e  has been done t o  

de f ine   t he   pos t   f l u t t e r   behav io r   o f   pane l s .   Seve ra l   ana ly t i ca l   i nves t i -  

gations  of  post  flutter  behavior  have  been  conducted  recently  (References 

7, 8, 9 ,  IC) and a non-l inear   znalysis  computer  Frogram for   determining 

the   t ime  h i s tory  of a d i s tu rbed   pane l   i n  a. supersonic  flow has been 

included  in  Reference 8. However, exper imenta l   i rves t iga t ions  i n  t h i s  

area  have  been  essent ia l ly   non-exis tent .  

The purpose of t he  program described  here was to   p rov ide  a care- 

ful ly   control led  experimental  stL;.dy of severo l   fac tors   a f fec t ing   h igh  

ampl i tude   pane l   f lu t te r .  The t e s t  program was des igned   p r imar i ly   t o  

a s ses s   t he   s eve r i ty  of pane l   f l u t t e r   ( r e l a t ive   s eve r i ty   be ing   measwed  

by panel stress and  displacement  amplitudes) as a function  of Q.mcvnic 

pressure  def ic iency (i  .e. , p e n e t r a t i o n   i n t o   t h e   f l u t t e r   r e g i o n ) .  

The fol lowing  parmeters   were  var ied t o  i n v e s t i g a t e   t h e i r   i n f l u e n c e  

on t h e   s e v e r i t y   o f   f l u t t e r :  

Flow Mach number 

S ta t i c   p re s su re   d i f f e ren t i a l   ac ross   t he   pane l  

O Compressive  edge  load 

Boundary l aye r   t h i ckness  

O In-plane  edge  rigid5ty 

O Cavity volume 

1 



These  parameters were s e l e c t e d  for study  because of t h e i r   r e l e v a n c e  

to   t he   l aunch   veh ic l e   pane l   f l u t t e r   p rob lem.  The Saturn S-IVB m u s t  be  

q u a l i f i e d   t o   f l y   i n   t h e   s u b s o n i c  , supersonic ,   and  hypersonic   f l ight  

regimes. From t h e   p a n e l   f l u t t e r   s t a n d p o i n t   t h e  low supersonic Mach 

regime (14"~) i s  most c r i t i c a l ;   t h e  f l u t t e r  onset  dynamic p res su re  

i n   t h i s  area i s  usua l ly  at, a minimum w h i l e   t h e   t r a j e c t o r y  dynamic 

p res su re  i s  at a maximan. A p o s i t i v e   ( b u r s t i n g )   p r e s s u r e   d i f f e r e n t i a l  

gene ra l ly  exists across   the   sk in   pane ls  of a launch  vehicle  because 

t h e   l n t e r n e l   s t a t i c   p r e s s u r e  i s  greater   than  the  ambient   pressure  out-  

s i d e  as the   veh ic l e   ga ins   a l t i t ude .   Dur ing   p i t ch  and yaw maneuvers , 
a n e g a t i v e   ( c r u s h i n g )   C f f e r e n t i a l   p r e s s u r e   c a n   a l s o   o c c u r  as l o c a l  

angles   o f   a t tack  become l a r g e .   P i t c h  and yaw maneuvers may a l so   cause  

panel  in-plane stresses which aye compressive on one s i d e  o l  t h e  

vehicle  m-d t e n s i l e  on t h e   o t h e r .  The compressive  panel  loads  during 

maneuver  can actual ly   exceed  the  panel   buckl ing  load.  The e f f e c t   o f  

boundary l a y e r   t h i c k n e s s  on panel   f lu t tey   has   no t   been   reso lved .  

Although the  boundary  layer  thickness on t h e  S-IVB s t a g e   i n   f l i g h t  i s  

e s t ima ted   t o   be  on t h e   o r d e r   o f   s i x   i n c h e s ,  it was n o t   f e a s i b l e   t o  

a t t a i n  a compa.rable thlckness   in   the  wind  tunnels   under   considerat ion 

f o r   t h i s  t e s t  program. It w a s  decided,   therefore ,   to   s tudy  boundary 

l a y e r   b y   t e s t i n g   a t  two values of boundary  layer   thickness ,  and compar- 

i n g  tkieir e f f e c t s .  

A sS.ngle  bay  panel  configmation wi1.h smooth adjacent   areas  was 

s e l e c t e d   f o r   t h e s e  t es t s .  This   s ingle   bay  tes t   concept   has   been  used 

e x t e n s i v e l y   i n   p a n e l   f l u t t e r  t e s t  programs (see Reference 11, f o r  

example).  Provision was made fo r   chang ing   t he   edge   r e s t r a in t   s t i f fnes s  

dur ing   the  t e s t  program; t h i s  parameter   could   therefore   be   inves t iga ted  as 

a poss ib l e   cause   fo r   d i f f e rences   i n   f l u t t e r   cha rac t e r i s t i c s   be tween   s ing le  

and  multi-bay  panels. 

The t e s t   pane l   con f igu ra t ion   u sed   i n   t h i s   p rog ram w a s  a representa-  

t i ve  Saturn S-IVB sk in   pane l  - ,032 i nch   t h i ck  aluminum, 6.7 inches  wide, 

and 30 inches  long. The t e s t  panels were f l a t  even  though  the S-IVE! 

2 



1 panels  have a very   s l igh t   curva ture   (Radius  - 130"). It w a s  not  expected 9 t ha t   t he   f l u t t e r   boundar i e s   fo r   t he   cu rved   veh ic l e   pane l s  would  be 

1 s i g n i f i c a n t l y   d i f f e r e n t  from t h e   f l a t   t e s t   p a n e l s ,  

The wind t u n n e l   t e s t s  were  conducted i n   t h e  NASA/Ames 2 '  by 2 '  

Transonic  Tunnel  in a Mach number range  of 1.1 t o  1 . 4  and  a  dynamic 

pressure  range of 200 t o  1200 p s f .  

The results of t h i s   r e p o r t   a r e  employed i n  Reference 1 2  t o  assess  
! 5 t h e   f a t i g u e  l i f e  of  'Saturn, V panels .  

3 



TEST  APPARATUS 

Test Fixture-General 

The parameters t o   b e   v a r i e d   d u r i n g   t h e s e  t es t s  r equ i r ed   t he   i nco r -  

pora t ion   of   the   fo l lowing  features i n t o   t h e  wind t u n n e l   t e s t  f ixture:  

1. 

2. 

3 .  

4. 

A compressive  edge  load  device  capable  of  exerting  in-plane 

s t r e s s e s  on t h e  t e s t  panels  ranging  from  zero t o   t w i c e   t h e  

panel  buckling stress. 

A pressurizat ion  system  capable   of   producing up t o  a 1 p s i  

p r e s s u r e   d i f f e r e n t i a l   a c r o s s   t h e  t es t  panels .  

The capabi l i ty   o f   th ickening   the   boundary   l ayer   over   the  t e s t  

panels .  

The c a p a b i l i t y  of varying  in-plane  edge  res t ra int   of   the  tes t  

pane l s   i n   t he   c ros s - s t r eam  d i r ec t ion .  

The t e s t  f i x t u r e  i s  shown i n   F i g u r e  1. The p a n e l   f l u t t e r  t e s t  f i x t u r e  

consis ted  of  a 5 f o o t  by 2 f o o t  wind tunne l  w a l l  replacement  section 

t o  which  two  box-like  units,  the  equipment  mounting  platform  and the 

cavi ty   enc losure ,  were f a s t ened ,  one  above t h e   o t h e r .  The t e s t  panels 

were a t t a c h e d   t o   t h e   p a n e l   s u p p o r t  and  loading  frame  which w a s  i n   t u r n  

f i t t e d   f l u s h   i n t o  a c u t o u t   i n   t h e  w a l l  replacement   sect ion.  A hand 

pump ac tua ted   hydraul ic   cy l inder  mounted on the  equipment  platform 

provided  the  compressive  edge  load  capabi l i ty .  The e n t i r e   u n i t  was 

covered on the   unders ide   wi th  a cavi ty   enc losure   to   permi t   p ressur iza-  

t i o n   o f   t h e   i n t e r i o r .   S e a l i n g  was accomplished  by means o f  "0" r i n g s  

and a tef lon  impregnated  f iberglass   c loth  which was fastened a l l  around 

the  panel   f rame.  The  boundary layer over   the  t e s t  panels  could  be 

thickened by in se r t ing   cy l ind r i ca l   p ro tu rbe rances   ( sp r ing   p ins )   i n to   p re -  

d r i l l e d   h o l e s   a h e a d   o f   t h e   t e s t   p a n e l   i n   t h e  w a l l  replacement. The in-  

4 



plane   edge   f ix i ty   in   the   c ross -s t ream  d i rec t ion   could   be   increased   by  

i n s e r t i n g  removable  cross '   st iffeners  between  the  panel  support  

longerons. The fea tures   o f   the  tes t  f ix ture   a re   descr ibed   be low  in  

more d e t a i l .  

Test Panels 

Twelve g e a n e t r i c a l l y   i d e n t i c a l   t e s t   p a n e l s  were f a b r i c a t e d   f o r  

these tests t o  provide an adequate  replacement  supply i n   . c a s e   o f   f l u t t e r  

damage. To i n s u r e   c o n s i s t e n c y   o f   t h e   t e s t   r e s u l t s  from panel t o   p a n e l ,  

a l l  panels   were  fabr icated from t h e  sane sheet   s tock.  The  more s i g n i f i -  

cant   panel   data  is summarized  below: 

Overall  Length  (measured i n   s t r e a m   d i r e c t i o n )  40 inches 

Active  Length 30 inches 

Overall  Width 10.7 inches 

Active Width 6.7 inches 

Nominal Thi cknes s .032  Sheet 

Actual  Thickness 

Mat e r i  al 7075-T6 Aluminum 

Young ' s Modulus 

+. 001 
-033  inches _, ooo 

6 
6 

Compression 10.5 x 1C psi. 

Tension 10.3 x 10 p s i  

Poisson's  Ratio  .33 

Density .lo1 pound/inch 

The panels  were  attached  to  the  mounting frame with a double row of 

button  head  screws  spaced at 1-1/2  inch  intervals   a long  the  edge o f  t h e  

panel. Once mounted t h e   t e s t   p a n e l  had an ac t ive ,  or f l u t t e r i n g ,   p o r t i o n  

30 inches  long and 6.7 inches  wide (L/W = 4.48) . The edge  attachments 

were  designed to   s imu la t e  clamped-edge  boundary condi t ions.  

Panel Frame 

The panel frame w a s  constructed  of two p a r a l l e l  aluninum I-beam 

longerons  with  t ransverse  spacer   blocks.  A photograph  of  the  frame i n  

5 



p o s i t i o n  on the  equipment  platform i s  s h a m   i n   F i g u r e  2. The "act ive" 

panel  dimensions were assumed t o  be  the  spacing  between  the  inside 

edges  of  the  longeron  f langes  and  the  spacer  blocks.  The f i b e r g l a s s  

c l o t h  seal  a l l  around  the frame can be seen i n  the photograph. The 

loading  and but t  b l o c k   r i g i d i t i e s  , and  &stance   o f   the   "ac t ive"   por t ion  

o f   t he   pane l  from t he   po in t  o r  l oad   app l i ca t ion  was designed t o  mini- 

mize shear   dis tor t ion  in   the  panel   under   compressive  load.   Furthermore,  

the   load  from the   hydrau l i c   cy l inde r  was applied  through a b a l l  at a 

p o i n t  on the   loading   b lock   cor responding   to   the   c ross   sec t iona l   cen t ro id  

of   the   pane l  and support   longerons.   This would he lp   assure   equal   load  

division  between  the  longerons  with  no  tendency t o  bend them. Since 

s l i g h t   l o a d  asymmetries might  occur  between  the  side  longerons,   tests 

were  conducted  with a much s i m p l i f i e d   f i x t u r e   t o   i n v e s t i g a t e   t h e  

e f f e c t s   o f  a compressive  load  imbalance on panel  dynamics (see AppendLx 

A) . 
Seven  removable c ros s - s t i f f ene r s  which f i t t e d  from web t o  web of 

the  support   longerons were intended to   i nc rease   t he   pane l   i n -p l ane   edge  

r e s t r a i n t   i n   t h e   c r o s s  stream cErection. The purpose was t o   i n v e s t i -  

g a t e   t h e   e f f e c t  o f  t h i s  edge r e s t r a i n t  on l i m i t i n g  the  amplitude  of  panel 

f l u t t e r .  

Equipment P l a t  form 

The equipment  platform  served as t h e  mounting base f o r  t h e  Wayne- 

Kerr displacement  pickups , the   e lec t romagnet ic   shaker ,  and the   hydraul ic  

cyl inder .  The frame f i t t e d   i n t o  grooves on t h e   t o p   s u r f a c e   o f   t h e   p l a t -  

form. I n   a d d i t i o n ,   t h e  frame was he ld   in   the   g rooves   by  rails which r a n  

along  the  outside  edges of the  lower  longeron  f lange as shown i n  

Figure 3. The rails  made con tac t   a long   t he i r   en t i r e   l eng th  w i t l i  t h e  

equipment  platform  but  contacted  the  longeron  f langes  only ,Cor s h o r t  

lengths  t o  minimize  load  dj .stortions due t o   f r i c t i o n  and t o  a l low  loca l  

realignment,.  Friction was fur ther   reduced by coat ing  the  longeron 

flanges  with a Teflon  spray. 
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Electromagnetic  Shaker 

A Goodmans V-47 electromagnetic  shaker w a s  used t o   e x c i t e   t h e  

panels   during  the  wind  off   condi t ions.  The  shaker w a s  a t t a c h e d   t o  

the   pane l   near   the   l ead ing   edge  as shown i n   F i g u r e  4 t o  minimize mode 

shape  and  f requency  dis tor t ion due t o  the mass of t h e  exciter sp ind le .  

An ana ly t i ca l   s tudy  was performed t o  determine the e f f e c t  of the   shaker  

mass loading  on  panel   vibrat ion.   This   s tudy,  discussed i n  more de ta i l  

i n  Appendix B ,  showed a n e g l i g i b l e   e f f e c t  on panel  fre,quencies  and mode 

shapes. 

Wall Replacement 

The wind tunne l  w a l l  replacement  section was s i z e d   t o  f i t  t h e  Ames 

2 '  x 2 '   t r anson ic   t unne l  and w a s  su f f i c i en t ly   mass ive  ( s t ee l :  60" x 24" 

x 1.5") tha t  negl ig ib le   deformat ion   would   resu l t   in   reac t ing   hydraul ic  

cyl inder   loads.   Spring  pins   could be inser ted   ahead   of   the   pane l   cu tout  

t o   i n c r e a s e  t h e  boundary  layer   thickness   over  i t s  smooth wall value.  

This boundary  layer  thickening  technique i s  similar t o  a "short   angle" 

method descr ibed by Schl icht ing  in   Reference.13.   Spring  pins   have the 

advantages  of   being  self-fastening  and  height   adjustable .  The s p r i n g  

pin  thickening  technique w a s  checked  out i n  the NASA/Marshall 1 4  x 14-  
i n c h   t r i s o n i c  wind tunnel  and showed  up t o  a 58% th i cken ing   fo r  a .25 

inch   p in   he ight  (see Reference 14). T h i s  thickening w a s  accomplished 

while s t i l l  r e t a i n i n g  the  b a s i c  smooth w a l l  c h a r a c t e r i s t i c s .  

F ive   s t a t i c   p re s su re   t aps  were l o c a t e d   i n   t h e  w a l l  replacement as 

i n d i c a t e d   i n   F i g u r e  5 .  The #4 por t  , l oca t ed   nea r   t he  mid-chord o f   t h e  

ac t ive   po r t ion   o f  the  pane l ,  was used as the  cavi ty   p ressure   re fe rence .  The 

f i g u r e  a l so  l o c a t e s  a Bytrex  f luctuat ing  pressure  t ransducer   which was used 

to   search   ou t   tunnel   resonances  t h a t  might  cause  spurious  panel  excitation. 
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Cavity Enclosure 

The cav i ty   enc losu re   c r ea t ed  a cavi ty   wi th  a depth  of  17 inches 

behind   the  t e s t  panel   and w a s  s i z e d   t o  minimize   the   cav i ty   e f fec t  on 

pane l  dynamics  and f l u t t e r .  The t o t a l   e n c l o s e d  volume w a s  approxi- 

mately 8000 i n  . An 8" x 12" rectangular   opening was cut   ou t   o f   the  

back  of   the  cavi ty   enclosure so t h a t  an " inf in i te"   cav i ty   depth   could  

be   s imula ted   wi th   the   cover   p la te  removed.  The cutout   a lso  perr t i i t ted 

easy  access t o  the in t e r io r   i n s t rumen ta t ion .  

3 

Cavity P r e s s u r i z a t i o n  System 

A schemat ic   o f   the   cav i ty   p ressur iza t ion   sys tem i s  shown i n  

Figure 6 .  The system was operated  accori i ing  to   the  fol lowing  procedure:  

1. 

2 .  

3. 

4. 

5 .  

The valves at t h e  vacuum source were cracked  open to   pe rmi t  a 

very slow air b leed  rate.  

The two valves upstream  of  valve C were ad jus ted   such   tha t   the  

ava ihble  p res su re  a t  C was on the   o rde r   o f   t he   des i r ed  

p r e s s u r e   d i f f e r e n t i a l   a c r o s s   t h e   p a n e l .  

Valve C was ad jus t ed  so t h a t  the a i r  flow rate through C 

roughly  matched  the air flow rate i n t o   t h e  vacuunl source.  

The power switch w a s  then  closed. This  opened  Valve B 

and  closed  Valve k p e r m i t t i n g   p r e s s u r i z a t i o n  of t he   cav i ty .  

Valve C was then   fu r they   ad jus t ed   t o   ob ta in  t h e  des i red   p ressure  

d i f f e r e n t i a l   a c r o s s   t h e   p a n e l .  

The AP l i m i t  s w i t c h   l i m i t e d   t h e   p r e s s u r e   d i f f e r e n t i a l   a c r o s s   t h e   p a n e l  

by v e n t i n g   t h e   c a v i t y   t o   t h e   t u n n e l  plenum when AP exceeded 1.0 p s i .  

The AP system  could  be  operated  with  the  tunnel  closed. 

Compressive  Load  System 

A hydrau l i c   cy l inde r  (Carter Contro3.s , Inc.  N N S  s t y l e  MS-7 , work- 

ing   p re s su re  5,000 p s i  , Bore: 2 inches )  w a s  used t o  load   the   pane l .  

A schematic   of   the   load  system i s  sl~own in   F igu re  7. The panels  were 

a 



loaded by pumping 

hand  valve. 

up to the   des i red   hydraul ic   p ressure  and c l o s i n g   t h e  

The accumulator was added to the   h igh   pressure   l ine   to   min imize  

p r e s s u r e   d r i f t  due t o  leakage. The compressive  load  system was remotely 

con t ro l l ed  so  t h a t  the  compressive  load i n  the   pane l   could   be   ra i sed  

whi le   the   tunnel  was iq operat ion.  
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INSTRUMENTATION 

%e test  f ix ture   ins t rumenta t ion   cons is ted  of s t r a in   gauges ,  dis- 

placement  pickups,  and  thermocouples. A schemat ic   o f   the   da ta   ga ther -  

ing  network i s  shown in   F igu re  8. Figure 8 a l s o  summarizes p e r t i n e n t  

s t ra in   gauge,   d isplacement   pickup , and t ape   recorder   da ta .  

S t r a i n  Gauging 

All of the t e s t  panels  were  instrumented  with  strain  gauges mea- 

s u r i n g   a x i a l  and  bending  strains.   Table I p resen t s  a t a b u l a t i o n  of t h e  

s t r a i n  gauges on each  of  the t e s t  panels .  The gauge locat ion  designa-  

t i o n s  are expla ined   in   F igure  9 .  
The primary  gauges  for  measuring  panel  f lutter stresses were those  

denoted as A , B1 , A3 , and B2 i n   F igu re  9 .  Gauges A and B were l o c a t e d  

about  mid-span a t  the t r a i l i n g  edge  where m a x i m m  p a n e l   f l u t t e r   s t r e s s e s  

i n   t h e  streamwise direction  were  expected.  Likewise  gauges A and B2 
were loca ted  where t h e  maximm p a n e l   f l u t t e r   s t r e s s e s   i n   t h e   c r o s s   s t r e a m  

direction  were  expected. 

1 1 

3 

S i n c e   t h e   i n i t i a l  t e s t  runs  did  not  show the   c ross   s t ream stresses 

t o   b e  more c r i t i c a l   t h a n  streamwise s t r e s s e s  , gauges A and B were  not 

incorporated on the  other   panels   with  the  except ion of Panel 5 .  They 

were  included on Panel  5 t o   r e c o r d   c r o s s  stream s t i f f e n i n g   e f f e c t s  which 

were inves t iga t ed   w i th  this panel .  

3 2 

The gauges A2, Al, and ,d were used   pr imar i ly   In   connec t ion   wi th  

the  loading  system for applying  c'ompressive  loads t o   t h e   p a n e l .  They 

served as a funct ional   check on the   overa l l   opera t ion   of   the   loading  

system,  and as an   ind ica tor  of the  compressive stress a p p l i e d   t o   t h e  

panel.  The longeron  mounted  gauges A and A were  indicators  of l oad  

imbalance , i f  any,  between  the  longerons. Any such  imbalance  would i n f e r  

unsymmetrical  panel  shear  which ccmld confuse   i n t e rp re t a t ion  of t h e  t e s t  

resul ts .   Furthermore , any imbalance  between A and A2 (nea r   t he   pane l  

2 

1 2 

1 
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edge)  would  indicate  an  incomplete  transfer  of  compressive  load t o  

the   pane l  which a l so  c o u l d   d i s t o r t  t es t  r e s u l t s .  The readings  from 

gauges A1 and B1 rounded  out  the  information required t o  assess panel  

behavior   under   appl ied  compressive  load,   par t icular ly  the  buckling 

load.  From panel  theory,  buckling  would  be  accompanied  by ( a )  a sudden 

r e d u c t i o n   i n   i n c r e m e n t a l   s t r a i n   i n  A with  increased  load  and  (b)  a 1 
sudden  change  from  no s t r a i n   t o   f i n i t e   s t r a i n   i n  B w i t h  increased  load.  

Although these ideal s i t u a t i o n s   d i d   n o t   p r e v a i l ,   t h e y  were c lose  enough 

f o r   a c c u r a t e ,   r e p e a t a b l e   d e t e c t i o n   o f   b u c k l i n g ,   p a r t i c u l a r l y  the gauge 

B behavior (see s e c t i o n  on  Buckling  Tests).  

1 

1 

Displacement  Pickups 

Panel  displacement w a s  measured w i t h  Wayne-Kerr capaci tance  type 

displacement   sensors   located,  as shown in   F igu re  4, at the  e x p e c t e d   f l u t t e r  

mode anti-nodes. The sensors  were mounted off-center  so tha t  the panel  

displacement  would  be  within  the  sensor  operating  range  during  pressuriza- 

t i o n   o f  the  cav i ty .  The sensors   were   he ld   in   p lace  by  clamping  them  onto 

aluminum blocks (see Figure 2 )  which  were  cut  out t o   r e c e i v e   t h e   p r o b e  

holder  assembly. The c y l i n d r i c a l  metal s leeves  surrounding  the  sensor   heads 

were  wrapped w i t h  a Te f lon   i n su la t ion   t ape   t o   p reven t  them  from  grounding 

t o   t h e  aluminum blocks.  

The spacing  between  the  probe heads and the panel   sur face  had t o  be 

a d j u s t e d   d a i l y   d u r i n g   t e s t i n g   t o   m a i n t a i n   t h e  optimum .O5 inches.  T h i s  

spacing  changed  from day t o  day because   o f   s l i gh t   l oca l   de fo rma t ions   i n  

the   pane l .  The dai ly   spacing  adjustment   proved  to  be q u i t e  a time con- 

suming  procedure  because  of  the  difficulty  in  adjusting  dimensions on 

the   o rde r   o f   s eve ra l  mils. 

The displacement  accuracy  of the  probes was adve r t i s ed  a t  2 2  mils 

f o r   t h e  f u l l  range  of 100 mils. E r r o r s   i n  the measurement of   panel  

displacement  can  also be introduced  by a non-parallel   al ignment  of 
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sens ing   sur face   wi th   the   re fe rence   ob jec t ,   reaching  1% of   ind ica ted  at 

an 8 degree  misalignment.  Such a misalignment w i l l  not  cause  any 

errors i n  peak-to-peak  readings  since  the m a x i m u m  and n i i n i m u m  displace- 

ments are af fec ted   equal ly .  

Thermocouples 

Two iron  constantan  thermocouples were mounted  on the  tes t  f i x t u r e ,  

one on the   pane l   unders ide  and the   o the r  on the  longeron web, t o  determine 

the   pane l   s t resses   induced  by thermal  gradients  between  the  panel  and 

support   longerons.   During  the  early  runs  the  tunnel w a s  exercised  through- 

out i t s  supersonic Mach number and  dynamic pressure  ranges  and a m a x i m u m  

d i f f e r e n t i a l   o f  2'F w a s  recorded. This tempera ture   d i f fe ren t ia l   cor res -  

ponds t o  a m a x i m u m  compressive  edge  load on t h e   p a n e l   e q u i v a l e n t   t o  17% 
of  buckling. The thermocouples were removed after the first 1 4  f l u t t e r  

t e s t  po in t s   s ince   t hey  were suspected of  being a source of e l e c t r i c a l  

n o i s e   i n  the o ther   ins t rumenta t ion .  
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CHECKOUT TESTS 

P a r t i c u l a r   c a r e  was e x e r c i s e d   i n   t h e   d e s i g n  and fabr ica t ion   of  

t h e  t e s t  hardware t o  minimize s c a t t e r   i n   t h e  t e s t  results. This was  

followed  up, at the   comple t ion   of   fabr ica t ion ,  by a series of checkout 

tests designed t o  assess the degree of r e l i a b i l i t y  and r e p e a t a b i l i t y  

b u i l t   i n t o   t h e  t e s t  hardware.  These tests provided  for  uncovering 

and co r rec t ing   g ross   de f i c i enc ie s ,  i f  any ex i s t ed .   In   add i t ion   t hese  

tests provided  basic   information on t h e   s t a t i c  and  dynainic character-  

i s t i c s  of t he   pane l s  when mounted t o   t h e  t e s t  f i x t u r e .  Any changes i n  

t h e s e   c h a r a c t e r i s t i c s  would a f f e c t   p a n e l   f l u t t e r   b e h a v i o r .  

Funct ional  Tests 

The func t iona l  tests were conducted to   i n su re   t he   p rope r   ope ra t ion  

o f   t h e   t e s t   f i x t u r e  and  instrumentation. The f i x t u r e  was completely 

assembled and the   fo l lowing  tes t s  were  performed: 

1. Checkout of   cav i ty   p ressur iza t ion   sys tem (AP system) 

2. Checkout of  compressive  load  system 

3. Checkout of  s t r a i n  gauges  and Wayne-Kerr pickups 

Cavi ty   Pressurizat ion  System Checkout 

The AP system w a s  checked  out t o  a AP of  1 . 0  psi .   There was no 

tendency  for   the t e s t  panel  and frame t o   l i f t  away from the  wall replace- 

ment  upon cav i ty   p re s su r i za t ion .  It w a s  necessa ry   t o   f a s t en   add i t iona l  

s ea l ing   c lo th  a t  the load ing   b lock   t o   pe rmi t   p re s su r i za t ion   t o  1 p s i .  

Compressive Load System  Checkout 

The compressive  load  system was checked  out t o   hydrau l i c   p re s su res   o f  

2,000 p s i ,  which  corresponds t o  approximately 170% of  buckling. The load  

balance  between the two I-beam longerons w a s  determined  by  monitoring  the 

output   of   the   longeron mounted s t r a i n  gauges whi le  i nc reas ing   t he   hydrau l i c  

pressure.   (The  panel w a s  mounted  on the  frame  during  these tes ts . )  Longeron 

s t ra in   imbalances  as high as 20% were i n i t i a l l y   r e c o r d e d  (see Figure 1 0 ) .  It 

was found  that   the   imbalance  could  be  lowered  to  a maximum of  about 5% 
(see Figure 11) by a d j u s t i n g   t h e   t i g h t n e s s  of the  screws  holding  the ra i ls  
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a g a i n s t   t h e  I-beam f langes  (Figure 3).  Once t h e  optimum balance  between 

longerons w a s  ob ta ined   t he  r a i l  screws were w i r e d   i n   p l a c e .  

Checks were also  conducted  to  see i f  t h e  fixture would  unload i t se l f  

evenly when the   hydrau l i c   p re s su re  was reduced. A l a r g e   h y s t e r e s i s   e f f e c t  

w a s  noted  (Figure 1 0 )  p r i o r   t o  r a i l  adjustment as t h e  frame tended t o  hang- 

up as the   p re s su re  was reduced. After ad jus tment   the   hys te res i s  w a s  s i g n i f i -  

cantly  reduced  (Figure 11). (The  imbalance  between  longerons w a s  about   the 

same during  loading  and  unloading.)  The e f f ec t   o f   t he   r ema in ing   s l i gh t   hys -  

t e r e s i s  on control  of  compressive  load was avoided  by  applying  load  vPa  in- 

c reas ing   hydraul ic   p ressure   ( ra ther   than   backing  down from a h igh   pressure) .  

Additional  checkout  of t h i s  system was conducted  during  the  buckling 

tes ts .  

Instrumentation  Checkout 

The operat ion  of   the  s t ra in   gauges  and Wayne-Kerr pickups w a s  con- 

firmed  by  monitoring  their   outputs  while  exercising  the  cavity  pressuri-  

zation  and  compressive  edge  load  systems. 

Buckling  Tests 

Panel  buckling  loads were determined by incrementa l ly   loading   the  

panels  w i t h  t h e  hand pump and t h e n   p l o t t i n g   i n d i c a t e d   s t r a i n s   v e r s u s   t h e  

hydrau l i c   p re s su re   i n   t he   l oad ing   cy l inde r .  A t y p i c a l   p l o t  i s  shown i n  

Figure 1 2 .  While  gauges A and A vary at a n e a r l y   l i n e a r  r a t e ,  gauges A 

and B1 devia te   markedly   f rom  th i s   l inear   behavior   espec ia l ly  beyond the  

buckl ing  load.   Bending  s t ra in   output  B1 exh ib i t s  two  examples  of  predic- 

tab le   behavior .  The f i r s t  i s  t h e   s l i g h t   s t r a i n   b u i l d u p   w i t h   l o a d   i n d i c a -  

t i n g   t h a t   t h e   p a n e l  i s  n o t   i d e a l l y  f l a t  but  has s m a l l  i n i t i a l   e c c e n t r i c i t y ;  

and the  second i s  the   ab rup t  change i n   s l o p e   i n d i c a t i n g   t h a t  the panel 

has assumed i t s  buckled mode shape. Gauge A demonst ra tes   tha t   the   pane l  

s t r a i n   ( a n d  stress) at the   cen te r  w i l l  not  exceed  the  buckling  value  even 

though the  load  i s  increased  beyond  buckling.  Buckling was defined  by  the 

i n t e r s e c t i o n   o f   t h e   e x t e n s i o n s   o f   t h e   l i n e a r   p o r t i o n s   o f   t h e  B. curve. 

P r o j e c t i o n   o f   t h i s   i n t e r s e c t i o n   t o   t h e  A ou tput   y ie lded   the   buckl ing   s t ra in  

from  which the  buckl ing stress was obtained.   Using  this  method the  buckl ing 

stresses were su rp r i s ing ly   r epea tab le  (28%). The t a b l e  below l i s t s  buckling 

2 1 1 

1 

1 

1 
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stresses for t he   pane l s   u sed   i n   t h i s   p rog ram.  For consistency of 

results from p a n e l   t o   p a n e l ,   o n l y   t h e  l a t te r  four were used i n  t h i s  

wind tunnel t e s t .  

Panel  Number Experimental .   Buckling  Stress  (psi)  

11 1564 
1 
10 

5 
4 
6 

15 33 
1347 
12 48 
12 89 
1370 

The t h e o r e t i c a l   b u c k l i n g   s t r e s s   o f   t h e  t es t  panels i s  l i s t e d  

below for several boundary  conditions: 

Buckl ing  Stress  Boundary Condf t i ons 

1590 Clamped All Around 

15 43 

929 

Long Sides Clamped 
Short   Sides  Pinned 

Long Sides  Pinned 
Short   Sides  Clamped 

906 Pinned All Around 
The predic ted   buckl ing  mode f o r  a f i l l y  clamped  panel  with L/W = 4.48 
i s  the  7-2 mode ( 7  node l i n e s   p a r a l l e l   t o   t h e  s h o r t  s i d e s ,   i n c l u d i n g  

the  panel  edges , and 2 node l i n e s   p a r a l l e l   t o   t h e   l o n g   s i d e s )   w h i l e  

the  actual   measured mode w a s  found t o  be 8-2. In   t heo ry ,   t he  8-2 mode 

requires   about  a 3% higher   load   than   the  7-2 mode.  The measured mode i s  

shown i n  Figure  13.  



Vibrat ion Tests 

Test Procedure 

These tests provided  information on t h e   o p e r a t i o n   o f   t h e   v i b r a t i o n  

exc i t a t ion   and  measurement  systems  and  on the   pane l  dynamic character-  

i s t i c s   ( f r equenc ie s   and  mode shapes )   i nc lud ing   t he   e f f ec t s  ( i f  any) of 

compress ive   edge   load ,   d i f fe ren t ia l   p ressure ,   and   the   s ize   o f   the   cav i ty  

behind  the  panel.   Acoustic  and  electromagnetic ( f ixture  mounted Goodmans 

V-47) e x c i t a t i o n  w a s  u s e d   t o   e x c i t e   p a n e l   r e s o n a n c e s   i n   t h e  100 t o  1000 

Hz frequency  range.  Panel  response was measured  by t h e  Wayne-Kerr d i s -  

placement  pickups.   Acoustic  excitation,  independent  of  the  shaker,  was 

used t o  examine t h e   e f f e c t   o f   t h e  f ixture mounted Goodmans shaker on 

panel   f requencies .  The Wayne-Kerr p ickups   ins ide   the  t e s t  f i x t u r e  were 

used  a long  with  an  external ly  mounted Wayne-Kerr probe t o  make t h e  

response  measurements s o  that  non-panel  resonances  (fixture  resonances) 

could be ident i f ied.   Fixture   resonances  would show up as e x t r a  

f requency   sp ikes   on   the   response   p lo ts   o f   the   ou tput   f rom  the   in te rna l ly  

mounted  pickups. The first t en   pane l  modes were mapped wi th  a Wayne- 

Kerr probe mounted  on a traversing  assembly  which was f i t t e d  above t h e  

ac t ive   po r t ion   o f   t he   pane l  as shown in   t he   pho tograph  on Figure 14. The 

t raverse   assembly  permit ted  the measurement of  panel  displacement at 

30 stream d i r e c t i o n   l o c a t i o n s  and  any d e s i r e d   c r o s s  stream l o c a t i o n .  The 

probe   suppor t   de ta i l  i s  shown in   F igu re  1 5 .  The internal   probes  were 

used as phase   re fe rences   for   the   ex te rna l  mapping  probe. 

Test  Results 

Panel  Frequencies - The panel   resonant   f requencies   exc i ted   by   the  

f ixture mounted Goodmans V-47 shaker are l i s t e d   i n   T a b l e  11. The t a b l e  

a l s o  shows t h e o r e t i c a l l y   p r e d i c t e d  tes t  pane l   f requencies   for  a v a r i e t y  

of  boundary  conditions. The f i r s t  mode was v i r tua l ly   undetec tab le   because  

the   shake r   l oca t ion  made e x c i t a t i o n   o f   t h i s  mode d i f f i c u l t .  
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The panel   f requencies  were also measured   us ing   acous t ic   exc i ta t ion .  

The Goodmans shaker was left.  a t t ached   du r ing   t he   acous t i c   exc i t a t ion .  

The shaker   and  horn  exci ted  f requencies  are compared  below: 

Frequencies i n  Hz 
Mode 

2 15 262 309 . 197 173 15 3 142 Horn 
216-228  262-275  310-324 198-206 175-180 154-161 136-141 Shaker 

6 7 8 5 4 3 2 "- 

The horn  exci ted  f requencies  show t h e   s l i g h t  effects of   the  "dead" 

shaker  mass and  shaker   spr ing.   This   data  i s  of   in te res t   because  the 

shaker w a s  l e f t  a t tached  throughout   the  wind  tunnel  t e s t .  The first n ine  

v i b r a t i o n  mode shapes  for  the AP = 0 ,  Nx = 0 case are shown i n  Figure 16. 
- 

Effec t  of Compressive EdRe Load - Compressive  edge  load-frequency 

d a t a   f o r   t h e  t es t  pane l   a re   g iven   in   F igure  17 f o r  the  recognizable  vib- 

r a t i o n  modes. Frequency  resonances  did  occur  in  the 100 t o  300 Hz range 

when N exceeded .5 bu t  the  modes were not  recognizable.  The recog- 

n i zab le  modes 9 ,  1 0 ,  and 11 showed decreasing  frequency t o   n e a r   b u c k l i n g ;  

thereaf te r   f requencies   increased .  

X 

Mode ident i f ica t ion   wi th   no   compress ive   load  i s  r e l a t i v e l y   e a s y  

s i n c e   t h e  number of  node l i n e s   d e f i n e s  a unique mode. When a panel  

i s  under  compressive  edge  load,  however, mode i d e n t i f i c a t i o n  i s  com- 

p l i ca t ed   because   d i f f e ren t  modes can  have t h e  same number of  node l i n e s  

and t h e  mode frequency  no  longer   necessar i ly   increases  w i t h  mode number. 

Figures 18 through 20 show  modes  mapped for  resonances  between 100 

and 450 Hz with  edge  loads  varying  from 1/2 t o  1-1/2 times  buckling.  For 

t h e  1-1/2 buckl ing  load  case  resonances  in   the 200 t o  350 Hz frequency 



range  could  not be de tec ted .   Frequency   response   p lo ts   for   the   no   load  

and 1-1/2 buckl ing  cases  are given  on  Figure 21. The p lo t s   ve r i f ' y   t he  

disappearance  of  four modes in   the  f requency  range  analyzed.  The missing 

frequencies  may have  disappeared  ent i re ly  o r  they   could   have   sh i f ted  

ou t s ide   o f   t he  100-450 Hz range.  Disappearance  of a first mode and 

dras t ic   f requency   sh i f t s   have   been   theore t ica l ly   p red ic ted   in   Reference  

16  fo r   pane l s   sub jec t ed   t o   edge   l oad .  The f i g u r e   a l s o  shows t h a t   t h e  

compressive  edge  load  resul ted  in  a cons iderable   reduct ion   of   pane l  

response t o   e x c i t a t i o n   ( e x c i t a t i o n   f o r c e  w a s  i d e n t i c a l   f o r   b o t h   p l o t s ) .  

E f fec t   o f   D i f f e ren t i a l   P re s su re  - An i n c r e a s i n g   p r e s s u r e   d i f f e r e n t i a l  

ac ross   t he   t e s t   pane l s   t ended   t o   i nc rease   pane l   f r equenc ie s .  A s  i n   t h e  

case  of  high  compressive  load,  multiple  frequencies were recorded   for  

i d e n t i c a l  modes a t  the   h ighe r   d i f f e ren t i a l   p re s su res .   F igu re  22, sum- 

marizing AP e f f e c t s ,   a l s o  shows t h e  good r e p e a t a b i l i t y   i n  dynamic behavior 

from  panel t o   p a n e l .  

Ef fec t   o f  Combining  Compressive  Load  and D i f f e r e n t i a l   P r e s s u r e  - 
Figure 23 shows t h e   e f f e c t s  of sub jec t ing  the t e s t  p a n e l s   t o  a combina- 

t ion  of  compressive  load  and AP. The .3 p s i   p r e s s u r e   d i f f e r e n t i a l  

across   the  panels   accounted  not   only  for   f requency  increases   but   a lso 

for   the   f la t ten ing   of   the   f requency   versus   edge   load   p lo ts .  

E f fec t   o f   t he   Cav i ty  - The cavi ty   had a n e g l i g i b l e   e f f e c t  on panel  

dynamics.  Table I11 l i s t s  frequency  data   for   Panels  1 and 1 0  w i t h  

the   cav i ty   enc losure   access   cover  on and off   (c losed  and  open  cavi ty) .  

These r e s u l t s  were encouraging  because it was d e s i r a b l e   t o  minimize 

c a v i t y   e f f e c t   i n   t h e   t e s t   f i x t u r e   s i n c e   t h e  S-IVB s t age   w i th  i t s  260 inch 

sect ion  diameter   has  what i s  e s s e n t i a l l y  an i n f i n i t e   c a v i t y   b e h i n d  i t s  

sk in   pane ls .  
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AERODYMAMIC FLOW SURVEY TESTS 

Test Procedure 

Boundary l a y e r   p r o f i l e  and   sur face   s ta t ic   p ressure   surveys  

were  conducted  within a Mach number range  of 1.05 t o  1.40 and a dynamic 

pressure  range  of 200 t o  1200 psf .   This  w a s  done f o r   b o t h   t h e   n a t u r a l  

and  modified (1/8" spr ing   p in   he ight )   tunnel   boundary  layers. 

An ins t rumented   r ig id   pane l  (1/4 i n c h   s t e e l )  was f l u s h  mounted i n  

p l ace  of t h e   f l u t t e r   p a n e l  and w a s  used t o  conduct a s t a t i c   p r e s s u r e  

and  boundary l a y e r   s u r v e y   i n   t h e   t u n n e l   p r i o r   t o   t e s t i n g   t h e   f l u t t e r  

panels .  The purpose of t h e   s t a t i c   p r e s s u r e   s u r v e y  w a s  t o  determine 

t h e   v a r i a t i o n  of s t a t i c   p re s su re   ove r   t he   pane l  and the   ad jacent   tunnel  

w a l l  r ep lacement .   Thi r teen   s ta t ic   p ressure   t aps ,  shown in   F igu re  24 
were  used on t h i s   p a n e l   t o  measure s t a t i c  wal l  p re s su res .  A Bytrex 

(Model HFO-SB) t ransducer  was used t o  measure f l u c t u a t i o n s   i n   t h e  

s t a t i c   p r e s s u r e  so  that  frequency  peaks  in  the  pressure  spectrum  could 

b e   l a t e r   c o r r e l a t e d   w i t h  t e s t  panel   behavior  i f  unexp la ined   pecu l i a r i t i e s  

in   pane l   response  were observed.   Five  s ta t ic   pressure  taps   and one 

Byt rex   t ransducer   loca ted   in   the   ad jacent   a reas  on the  replacement 

sec t ion   ( see   F igure  5 )  were  used  during  both  the  flow  survey and pane l  

f l u t t e r   p h a s e s  of t h e   t e s t  program. A 20 probe  boundary  layer rake 

(Figure 25)  w a s  used a t  each of t h e   t h r e e   l o c a t i o n s  shovn in   F igure  26 
during  the  survey t o  measure t h e  boundary   l ayer   p rof i le .  The purpose 

of the  boundary  layer  survey w a s  t o  determine  the  natural   boundary 

l a y e r   p r o f i l e  of t h e   t u n n e l  at the   pane l   l oca t ion  as w e l l  as t o   d e t e r -  

mine the  changes  in   prof i le   brought   about   by  the  spr ing  pins .  The Ames 

scanivalve  system was used t o  r e c o r d   s t a t i c  and rake aynamic p res su res .  

Bytrex  transducer  output w a s  recorded on magnetic  tape  for  subsequent 

s p e c t r a l   a n a l y s i s .  



Results  of Aerodynamic Flow Survey 

S t a t i c   P r e s s u r e   D i s t r i b u t i o n  

Representative s t a t i c  p r e s s u r e   d i s t r i b u t i o n s  are shown i n  

Figures 27 and 28 f o r  Kach numbers of 1.3 and 1.4, the   values  a t  

which minimum f l u t t e r   o n s e t  dynamic pressure w a s  de t ec t ed .  All of 

t h e s e   p l o t s  are cha rac t e r i zed  by a s h a r p   s t a t i c   p r e s s u r e  r ise five 

inches  downstream  of the panel  leading  edge. This s t a t i c   p r e s s u r e  

peak i s  a t t r i b u t e d   t o   t h e   p r e s e n c e   o f  two  rows of 1/8" high  screw 

heads   o r i en ted   t r ansve r se   t o   t he   f l ow and l o c a t e d   d i r e c t l y   i n   f r o n t   o f  

t he   p re s su re   r e f e rence   po r t .  

S t a t i c   p r e s s u r e   t a p  #4 (19.5 inches a f t  of   panel   leading  edge a n d  

10 i n c h e s   o f f   c e n t e r l i n e )  was used as the r e f e r e n c e   s t a t i c   p r e s s u r e  

s o u r c e   i n   n o n i t o r i n g  and c o n t r o l l i n g  the  d5.fferent ia l   pressure AP 

across   the   pane l .  The v a r i a t i o n   i n   s t a t i c   p r e s s u r e   o v e r   t h e   f a c e  of 

the   pane l  was about  the same order  of  magnitude as t h e   d i f f e r e n t i a l  

p re s su re   r ange   cove red   i n   t he   pane l   f l u t t e r   t e s t s   ( ze ro   t o  0.15 p s i ) .  

As a consequence,   the   difference  between  the  monitored  different ia l  

p r e s s u r e   ( r e f e r e n c e d   t o   t a p  ff4) and   t he   ave rage   d i f f e ren t i a l   p re s su re  

cou ld   be   s ign i f i can t .  The approach  taken  to  circumvent t h i s  problem 

i s  discussed  under   Panel   Flut ter  Tests. 

Boundary  Layer 

Typica l   boundary   l ayer   p rof i les  a r e  presented   in   F igures  23 and 

30 for both  the  rough  and  smooth wall configurat ions a t  t h e  Mach 1 . 4  
condi t ion .   Prof i les  a t  several rake p o s i t i o n s   a r e  shown  on each  plot  

t o  show the  shape of  the normalized  boundary  layer   prof i les  as a 

function of streamwise  location. A cons tan t   normal ized   prof i le  would 

ind ica te   tha t   the   boundary  layer over   the   pane l  i s  "f'ully developed". 

Except   for   minor   deviat ions  the  f igures  show tha t  t h i s  was , indeed, 

t h e  case  (boundary  layer   thickness   increases   with  dis tance  f rom  the w a l l  

replacement  leading  edge).  The lack  of  "smoothness"  in some of the 

p r o f i l e s   ( s u c h  as the RP2 p r o f i l e s   f o r  9 = 1200 p s f  on Figure 30 i s  due 
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i n   p q r t   t o   o b s t r u c t i o n s   i n   t h e   r a k e   p r e s s u r e   p r o b e s  and a l s o   t o   e r r a t i c  

tunnel  behavior  while  running at i t s  operat ing limits (M = 1 . 4 ,  q = 200 

psf  and M = 1 . 4 ,  q = 1200 p s f )  . 
The boundary layer   th ickness   increased  w i t h  the   d i s tance   f rom  the  

l ead ing  edge of t h e  w a l l  replacement*  Figures 31 and 32 show the   th icken-  

i n g  as a function  of stream d i r e c t i o n   l o c a t i o n   f o r   t h e  Mach 1 . 4 ,  q = 200 

and 1200 psf   condi t ions.  Both  smooth tunne l  w a l l  replacement  and rough 

wall (spr ing   p ins   inser ted)   rep lacement  data a r e  shown, I n s e r t i n g   t h e  

s p r i n g   p i n s   i n t o   t h e  w a l l  replacement  caused  boundary  layer  thickening 

ranging anywhere f r o m   n e g l i g i b l e   t o  56% depending on flow  conditions 

and streamwise  posit ion.  Boundary layer   th ickness  at t h e  .aft  rake  posi-  

t i o n  i s  given i n   F i g u r e  33 as a function  of Mach number. 

Fluctuat ing  Pressure 

Power s p e c t r a l   d e n s i t y   p l o t s  of the  Bytrex  t ransducer   data   recorded 

f o r   t u n n e l  dynamic pressures  of 200 and 1200 psf  are  given i n  Figures 34 
and 35. The spikes  at 60, 120,  180, and 300 Hz appear t o  be   mul t ip les  

of 60 cycle   noise .  Whether o r  no t   these   da ta   sp ikes   represent   t rue  

p re s su re   f l uc tua t ions  i s  important   because  the  f lut ter   f requency f o r  most 

o f   t he   t e s t   ca ses  w a s  i n   t h e   v i c i n i t y   o f  120 Hz. It seems reasonable t h a t  

the   sp ikes   a re   e lec t r ica l   no ise   bo th   because   p rev ious ly   repor ted   f luc tua-  

t i n g   p r e s s u r e  data f o r   t h e  2 '  x 2 '  t ransonic   tunnel  has not  exhibited  such 

cha rac t e r i s t i c s   ( s ee   Re fe rence  1 7 )  and  because  the  spike  frequencies 

shown are  independent  of  the wind tunnel  drive  motor F P M ,  which v a r i e s  

with dynamic pressure .  
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PANEL FLUTTER TESTS 

Test Procedures 

The panel  f l u t t e r  t e s t s  were  conducted i n   t h e  NASA/Pmes 

2 f t .  by 2 f t .  t r anson ic   w ind   t unne l   t ha t   has   t he  Mach number and 

dpamic   p ressure   ranges  shown in   F igu re  36. A photograph  of  the 

i n s t a l l a t i o n ,  viewed  from the  s i d e  of t he   t unne l   oppos i t e   t he  wall 

replacement   sect ion,  i s  shown i n   F i g u r e  26. The tes t  panels were .032 

inch   th ick ,   had   ac t ive   sur face   d imens ions   o f  30 inches  streamwise by 

6.7 inches  cross  stream, and were mounted i n  a v e r t i c a l   p l a n e .  

Except f o r   i n s t a l l i n g  and   inspec t ing   the   pane ls ,  all work on t h e  

f i x t u r e  was done  from the  reverse   s ide  of   the   assembly  which was 

access ib l e  from t h e  plenum  chamber. The t e s t   p l a n ,   f o r m u l a t e d   i n  

Reference 18, was des igned   to :  

(1) Determine   the   c r i t i ca l  Mach number (M ) f o r  which   pane l   f lu t te r  CR 
occurs a t  t h e  lowest dynamic p res su re .  

( 2 )  Define  the dynamic p res su re   f l u t t e r   boundar i e s  a t  M as a 

function  of  inplane  compressive  load (N,) and d i f f e r e n t i a l  

p re s su re  ( AP) as w e l l  as of the  secondary  parameters  boundary 

l a y e r   t h i c k n e s s ,   c a v i t y  volume,  and  cross stream r e s t r a i n t  

s t i f f n e s s .  

CR 

(3 )  Determine  the  magnitude  of  panel  f lutter as a funct ion of 

dynamic pressure   def ic iency  , i .e. , dynamic pressure  penetra-  

t i o n  beyond  onset ,   including  the  inf luence  of   the  parameters  

i n  ( 2 )  above. 

The compressive  load  system (see Figure 7 )  t h a t  was used   t o   app ly  

inplane  compression  stress w a s  p ressur ized   by  a hand pump l o c a t e d   i n   t h e  

wind tunne l   con t ro l  room.  The cavi ty   p ressur iza t ion   sys tem  (F igure  6 )  
used   for  AP con t ro l  w a s  operated from a console   loca ted   near   the  
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visual display  equipment.  Changes i n  boundary  layer  thickness , 
c a v i t y  volume,  and c ross  stream r e s t r a i n t   s t i f f n e s s  were made w i t h  

t h e  wind o f f  and the  tunnel   open.  

S e t t i n g   t h e   D i f f e r e n t i a l   P r e s s u r e  

Di f f e ren t i a l   p re s su re  was measured  by a transducer  comparing 

p r e s s u r e   i n   t h e   c a v i t y   w i t h   t u n n e l  w a l l  s t a t i c   p r e s s u r e .   P r e s s u r e  

p o r t  #4 (see Figure 5)  w a s  l oca t ed  on the  w a l l  replacement  section 

n e a r   t h e   c e n t e r   o f   t h e   f l u t t e r   p a n e l  and was used as the reference 

p r e s s u r e   f o r  AP measurement  and c o n t r o l .   S i n c e   t h e   s t a t i c   p r e s s u r e  

d i s t r i b u t i o n   o v e r   t h e   s u r f a c e   o f   t h e   p a n e l  varied somewhat w i t h  t unne l  

f low  conditions,  a ze ro   i nd ica t ed  AP w a s  n o t   n e c e s s a r i l y   e q u i v a l e n t   t o  

a t rue   ze ro  AP averaged  across   the  ent i re   panel .  A ze ro   r e fe rence   fo r  

the average AP was determined  by  varying the ind ica ted   cav i ty   p ressure  

through a range  of  values , b o t h   p o s i t i v e   a n d   n e g a t i v e ,   i n   o r d e r   t o  

l o c a t e  the p r e s s u r e   s e t t i n g  which r e s u l t e d   i n  maximum panel  response.  

This pressure   se t t ing   def ined   the   zero   re fe rence  f o r  the  average AP 

s e t t i n g   s i n c e  a non-zero AP i s  known to  reduce  the  response  ampli tudes 

of f l a t  panels.  Once t h e  AP f o r  m a x i m u m  panel  response was found,   the  

ind ica t ed   cav i ty   p re s su re  was ad jus t ed  by t h i s  amount t o   o b t a i n   t r u e  

AP . 
The unsteady  flow  conditions made AP a d i f f i c u l t   v a r i a b l e   t o  

cont ro l   p recf -se ly ,   espec ia l ly  a t  h igh   tunnel  q.  However, the  

operators  became s k i l l f u l  a t  e s t a b l i s h i n g  a mean value of AP even 

though  f luctuat ions  were  present   in   the  meter   readings.  

~- Determingtion-  of  Flutter Boundary 
A f l u t t e r   o n s e t   c o n d i t i o n   ( f l u t t e r   p o i n t )  was determined as a funct ion 

of M y  q ,  N x ,  AP and the  secondary  parameters.   Since N was a primary varia- 

b l e  and  had a s t rong   in f luence  on f l u t t e r ,   t h e  boundary  could be approached 

by  increasing e i ther  N o r  q ,  while  holding t h e  remaining  parameters  f ixed. 

For the   case   o f  Nx = 0 ( p o i n t  A on ske tch )   and   fo r   l a rge   va lues   o f  N 

X 

X 

X 



"Flu t te r  - 
' I' 

(such as p o i n t  C )  where the   s lope  i s  shallow it w a s  expedient t o  

de f ine   f l u t t e r   po in t s   by   va ry ing   t he   t unne l  q .  The f l u t t e r  boundary 

was i d e n t i f i e d  by the  changing  nature  of the output   of   bending  s t ra in  

gauge B The t r a n s i t i o n  from s t a b i l i t y   t o   i c s t a b i l i t y   ( f l u t t e r )  

may be best  described as a change  from random t o   p e r i o d i c   n o t i o n  

accompanied  by a s u b s t a n t i a l   i n c r e a s e   i n   s t r a i n   a m p l i t u d e .  The random 

motion i s  induced  by  turbulence in   t he   t unne l   f l ow  ( ae rodynamic   no i se ) .  

By us ing   on - l ine   o sc i l l og raph   s t r ip   cha r t s  o f  displacement   and  s t ra in  

outputs   and   the   v i sua l   d i sp lays  from o s c i l l o s c o p e s ,   t h e   u n c e r t a i n t y   i n  

f l u t t e r   p o i n t   l o c a t i o n  w a s  reduced t o  less than  25 p s f  dynamic pressure.  

The output of t he   bend ing   s t r a in  gauge R was an e x c e l l e n t   i n d i c a t o r  of 

t h e   t r a n s i t i o n   t o   f l u t t e r   o n s e t  and was used  throughout t h e  runs  defin- 

i ng   t he   f l u t t e r   boundary .  

1' 

1 

Figure 37 shows records of s t r r in   ampl i tude  and  waveform that  

were obtained for a t y p i c a l   f l u t t e r   p o i n t .  The upper  sequence  of 

records shows a gradual   increase   in   s t ra in   ampl i tude  as dynamic pressure 
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i s  increased  from 200 t o  600 p s f .  The s t ra in   ampl i tude   increase  i s  

roughly i n  p r o p o r t i o n   t o  dynamic pressure  and i s  caused  by  increasing 

w a l l  t u r b u l e n c e   i n   t h e   t u n n e l .  A t  q = 650 p s f ,   t h e   s t r a i n   h a s   i n c r e a s e d  

s h a r p l y   i n d i c a t i n g   t h a t   t h e   p a n e l   h a s  become ae roe la s t i ca l ly   uns t ab le .  

The p l o t  of bending -stress amplitude  versus dynamic p res su re  shows t h e  

magnitude of increase  invo&ved  and  indicates a f l u t t e r  boundary  of 

about 625 psf.  The lower  sequence  of  records shows how t h e   s t r a i n  

waveforms also i n d i c a t e  the t r a n s i t i o n  between s t a b i l i t y  and i n s t a b i l i t y .  

A randomness  of  gauge  output is  observed a t  q values well below f l u t t e r  

(notably at 200 and 400 p s f )  . A t  500 and 600 p s f   t h e   o u t p u t   b e g i n s   t o  

show t h e  emergence of a dominant  frequency component and  a lso  begins  

t o   e x h i b i t  a b e a t i n g   c h a r a c t e r i s t i c .   J u s t  above the  f lu t t e r   boundary ,  

t he  randomness disappears  and t h e  wave becomes pe r iod ic .  

The f lu t te r   onse t   po in ts   found by t h i s  method were remarkably 

repeatable  due  mainly t o  the f a c t  t h a t  t r a n s i t i o n   o f  gauge  waveform 

cha rac t e r i s t i c s   occu r red   ab rup t ly   i n  a very small range  of dynamic 

pressure.  

F l u t t e r   P e n e t r a t i o n  

A f t e r   e s t a b l i s h i n g   t h e   f l u t t e r   o n s e t  dynamic pressure  (qon)  as a 

function  of  the t e s t  parameters , the   panels   were  subjected  to  q l e v e l s  

exceed ing   t he   f l u t t e r   onse t   va lues .  The pr imary  purpose  of   the  f lut ter  

pene t r a t ion  w a s  t o   c o l l e c t   i n f o r m a t i o n  t h a t  w i l l  a i d  i n   p r e d i c t i n g  

pane l   f a t igue  l i f e .  The quant i t i t es   p r imar i ly   sought   therefore  were 

s t ress   ampl i tude   and   f lu t te r   f requency .  As i n   t h e   f l u t t e r  boundary 

determination, it was found t h a t  N made a very  convenient   var iable   for  

l o c a t i n g  a f l u t t e r   p e n e t r a t i o n   p o i n t  once hl and q were e s t a b l i s h e d .  

The usual  procedure w a s  f i r s t  t o   d e f i n e   t h e   f l u t t e r  boundary  ( l ine 

A-C on  next  page).  Usually  four data po in t s  were s u f f i c i e n t   f o r  th i s  

purpose. Once the f l u t t e r  boundary w a s  de f ined ,   l i nes  of constant  

pene t r a t ion  -. t h e  17 ,  33, and' 50% p e n e t r a t i o n   l i n e s  on the   ske t ch  - 
could be constructed  by  mult iplying  the qon values  a t  each Nx by t h e  

desired  penetrat ion  percentage.   Thus,  a 50% Pene t r a t ion  would m e a n  t h a t  

X 
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X 

50% Pene t r a t ion  

33% Pene t r a t ion  

17% Pene t r a t ion  

F l u t t e r  Boundary 

the  dynamic pressure was 50% higher   than   the   onse t   va lue .  Cata po in t s  

were  taken  by  set t ing q at B, f o r  example,   increasing N t o   f l u t t e r  

onse t   po in t  1, taking.   data ,   increasing N t o   p e n e t r a t i o n   p o i n t  2 ,  

taking  data ,   and so on. When AP v a r i a t i o n  vas t o   b e   i n v e s t i g a t e d ,  M ,  

q ,  and Nx were f i x e d  and AP was v a r i e d   t o   o b t a i n  a f l u t t e r   p o i n t .  

Panel   Inspect ion 

X 

X 

Once a panel   had   exper ienced   f lu t te r ,   cons tan t   surve i l lance  was 

maintained on the   condi t ion  of the   pane l .   In   addi t ion  t o  t h e   p o s s i b i l -  

i t y  t h a t  a panel   could   sus ta in  damage d u r i n g   f l u t t e r   ( d u e   t o   f a t i g u e  

or y i e l d i n g ) ,  it was a lso   poss ib le   tha t   the   pane l   could   s l ip   under  

i t s  a t tach ing   sc rews   and   thereby   a t ta in   charac te r i s t ics   d i f fe ren t   f rom 

those of t h e   o r i g i n a l   i n s t a l l a t i o n .  The periodic  checks were both 

visual and  by means of  instrumentation  outputs.   Visual  checks  were 

made from the   tunnel   s ide   o f   the   pane l  a d  cons i s t ed  of i n spec t ing  

for   evidence of fa t igue   c racks  as well as f o r  deviat ions  f rom  f la tness  , 
t h e   l a t t e r   i n c l u d i n g   q u a l i t a t i v e   i n d i c a t i o n s  from r e f l e c t e d   l i g h t  

p a t t e r n s .  Though no   fa t igue   c racks   were   ever   ind lca ted ,   severa l   pane ls  



exhib i ted   devia t ions  from f l a t n e s s   i n d i c a t i n g   e i t h e r  material y i e l d i n g  

or edge restraint  s l i ppage .  Two addi t ional   checks were made a t  longer 

i n t e r v a l s ,  or whenever v i s u a l   i n s p e c t i o n   i n d i c a t e d   t h e  need. These 

were a v i b r a t i o n  sweep survey  and a check  of  buckling  load. The vib- 

rat ion  survey  consis ted  of   sweeping  with  the Goodmans shaker  through a 

frequency  range  of  approximately 100 t o  TOO Hz, and  comparing t h e  

response  plot   wi th   previously  obtained  plots .   Signif icant   changes  in  

resonant   peaks  indicated a change in   pane l  dynamic c h a r a c t e r i s t i c s .  A 

fur ther   check on s t a t i c   c h a r a c t e r i s t i c s  was made by  measuring  the 

buckling stress and  comparing aga ins t  ear l ier  measurements. If 

deviat ions i n  dynamics  and/or  buckling were i n d i c a t e d ,   t h e   a t t a c h i n g  

screws  were  loosened  and  the  panel was resea ted   on   the  frame. Checks 

were then  repeated.  If the  panel   had  not   regained i t s  o r i g i n a l   s t a t i c  

and  dynamic c h a r a c t e r i s t i c s ,  it was assumed the   pane l   had   sus ta ined  

permanent damage and it w a s  replaced. Four panels were used  during  the 

wind t u n n e l   t e s t s .  

To fu r the r   enhance   t he   va l id i ty  of experimental   data   obtained 

f o r   e i t h e r   t h e   r e s e a t e d   p a n e l s  o r  replacement  panels, a f l u t t e r   o n s e t  

check  run  (usual ly   for  N x  = 0 and AP = 0 )  was made before   cont inuing 

w i t h   t h e   p a n e l   f l u t t e r   t e s t   s c h e d u l e .  If f l u t t e r   o n s e t   d i d   n o t  compare 

f avorab ly   w i th   p r io r   va l id   r e su l t s , t he   pane l  was replaced  even i f  it 

had  passed  the  frequency and buckling  checks. 

A t y p i c a l   h i s t o r y  o f  t h e  modal resonant   f requencies   obtained  for  

Panel 5 i s  shown i n   T a b l e  I V .  This  panel w a s  f l u t t e r   t e s t e d  and  the 

succeeding  vibration  survey  indicated  changes  in  dynamics.   These  changes 

i n   p a r t   c o n s i s t e d   o f   s h i f t s  i n  modal resonant  frequencies  accompanied by 

differences  in   response  ampli tude.   In   addi t ion,   however ,  some  modes 

having   the  same number of   cross  stream node l i n e s  were found t o   r e s o n a t e  at 

more than one  f requency;   these  are   designated i n  t h e   t a b l e  as mul t ip l e  

modes.  The panel was resea ted   and   the   dynamics   then   agreed   sa t i s fac tor i ly  

wi th   the   o r ig ina l   conf igura t ion .  The same panel  w a s  subsequently f l u t t e r  

t e s t e d ,   r e s e a t e d ,  and f l u t t e r   t e s t e d   a g a i n   b e f o r e  it w a s  dec ided   t ha t   t he  

panel  should be replaced.  



F l u t t e r  Test Results 

The tes t  program covered 33 tunnel  occupancy  days  during  which 4 
panels  were f l u t t e r  t e s t e d .  The scope  of   the t e s t  program i s  summarized 

below: 

Summary of Test Program 

Wind Tunnel NASA/Ames 2 '  by 2 '  t r anson ic  

Panels Tested 

Range of M 

Range of  fix 
Range of AP 

Cavity 

Cross St ream  S t i f f en ing  

Boundary Layer 

F l u t t e r   P e n e t r a t i o n  
(Nominal ) 

4 
1.1 - 1.4 
0 - 1.7 
0 - .20 p s i  

Closed  and Open 

St i f fened   and   Uns t i f fened  

Smooth and Rough Wall 

1 .17,  1.33, and 1 . 5  times qon 

F l u t t e r   P e n e t r a t i o n  
(Panel 6 )  Up t o  3.3 times qon 

A complete  record  of  the t e s t  p o i n t s ,   b o t h   s u b f l u t t e r  and f l u t t e r ,  i s  

g i v e n   i n  Appendix C .  

Determination  of  Flutter  Onset Boundary 

The dynamic p res su re   de f i c i ency   (q   pene t r a t ion )   can   on ly   be  

e s t ab l i shed  when f lu t t e r   onse t   boundar i e s  are accurately  determined. 

Therefore,  a proper   assessment   of   panel   behavior   in   f lut ter  must be 

preceded  by  experimental   def ini t ion of  f lu t te r   onse t   boundar ies .   This  

s ec t ion   desc r ibes   t he   e f f ec t s   o f   t he   pa rame te r s   t ha t  were var ied  and 

d is t inguishes   be tween  the   secondary   parameters   ( those   tha t   caused   re la t ive ly  

small change i n   f l u t t e r   o n s e t )  and the  pr imary  parameters   ( those 

tha t   caused   l a rge   changes   i n   t he   f l u t t e r   boundar i e s ) .  The secondary 

parameters are discussed first and it i s  shown t h a t   t h e i r   e f f e c t s   a r e  

e i t h e r   i n s i g n i f i c a n t  o r  inconclusive  and do not   warran t   fur ther  t reat-  

ment i n   t h i s   r e p o r t .  The primary  parameters (Mach number,  compressive 

edge   load ,   and   d i f fe ren t ia l   p ressure)  are then   p re sen ted   i nd iv idua l ly ,  

t he i r   e f f ec t s   no ted ,   and  a b r i e f   d i scuss ion  i s  made of t h e   e f f e c t s  

on f l u t t e r  due t o   t h e i r   i n t e r a c t i o n .  
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Secondary  Effects - The secondary  parameters   in  this i n v e s t i g a t i o n  

are def ined as c a v i t y  volume,  boundary layer   thickness   and  cross  stream 

s t i fSen ing .  

The cavi ty   enc losure   por t ion   o f   the  t e s t  f ixture was s i z e d   t o  

minimize   the   e f fec t   o f  the cav i ty  volume  on pane l   f l u t t e r .   Des ign  

dimensions were adapted  from  data  given  in  Reference 3 and  two c a v i t y  

conditions  were simulated: a f i n i t e .   c a v i t y  volume obtained  with the  

cavi ty   c losed,   and an i n f i n i t e   c a v i t y  volume obtained by  opening  the 

rear of t h e   p a n e l   t o   t h e  plenum  chamber. 

The flow  rougheners  that   could be added  forward of t he   pane l  

were designed t o   i n c r e a s e  the th ickness   o f  t he  natural   boundary  layer  

a long   the   tunnel  w a l l .  The protuberances  were  sized  and  spaced 

according  to  f low  data  given  in  Reference 13. While a l a r g e   i n c r e a s e  

i n  boundary  layer  thickness was des i r ed ,  it w a s  a l so   cons idered  

necessary that  the   modi f ied   boundary   l ayer   be   es tab l i shed   over   the   en t i re  

length   o f   the   pane l .  The ensuing compromise,  based on theory  and on 

tes t s   conducted  a t  NASA/MSFC (Reference 14) , r e su l t ed   i n   ave rage  

boundary layer inc reases   ove r   t he   pane l   t ha t   va r i ed   be tween  6 and 45%. 
Cross s t i f f e n e r s  were inser ted   be tween  the  s ide longerons (see 

Figure 2 )  t o  provide a more r e a l i s t i c   s i m u l a t i o n  of  the  inplane  edge 

r e s t r a in t   expe r i enced  by the  S-IVB p a n e l .   I n   o r d e r   t o  assess t h e  

e f f e c t   o f  l a te ra l  s t i f f e n i n g ,  the cross  pieces  were removed f o r  a 

p o r t i o n   o f   t h e   t e s t .  

Test d a t a   f o r   e v a l u a t i n g   t h e   e f f e c t s   o f  these parameters w a s  obtained 

from  Panel 5 ,  and Table V p re sen t s  the r e s u l t i n g  composite of  va lues   o f  

f l u t t e r   o n s e t  dynamic pressure.  For Nx = AP = 0 ,  and the i n d i c a t e d  

Mach v a r i a t i o n  the t a b l e  shows (within  the  normal   repeatabi l i ty   range 

of   qon)   essent ia l ly   no   change   in   f lu t te r   boundary   for   the   open  or 

closed  cavi ty   and a s l i g h t   i n c r e a s e   f o r  the  rough w a l l  over the  smooth 

w a l l .  The removal o f  the c r o s s   s t i f f e n e r s  (see the  M = 1 .2  and 1 .3  

cases   in   Table  V )  r e s u l t e d   i n  a small i n c r e a s e   i n  qon (about 100 p s f )  . 
Whether t h i s   i n c r e a s e   i n  qon i s  r e a l l y  due t o   t h e   s t i f f n e s s   d e c r e a s e ,  

or is  s imply  within the  normal   range  of   var ia t ion  in   the  experimental  

da t a ,  i s  not   c lear .  The i n d i c a t e d   t r e n d  i s  c o n t r a r y   t o   e x p e c t a t i o n ;  

- 
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al though  high  ampli tude  ( f lut ter)   motion  should be a f f ec t ed   by   t he  

a d d i t i o n a l   r e s t r a i n t ,   f l u t t e r   o n s e t   s h o u l d   n o t .   I n  any  event i t s  e f f e c t  

i s  small i n  comparison t o  the primary variables. 

Mach Number Ef fec t  - The e f f e c t   o f  Mach number on p a n e l   f l u t t e r  

boundaries , e s p e c i a l l y   i n   t h e  low  supersonic  regime  has  not  been w e l l  

def ined .   This   sec t ion   presents  Mach e f f e c t   d a t a   f o r   t h e   p a n e l s   t e s t e d  

( length- to-width  ra t ios   of  4 .48) .  Figures 38  and 39 show the  v a r i a t i o n  

i n  qon with M t h a t  w a s  o b t a i n e d   i n  t h i s  t e s t .  Although maximum wind 
tunne l  Mach number w a s  r e s t r i c t e d   t o  1 . 4 ,  t h e s e   p l o t s   c l e a r l y   i n d i c a t e  

t h a t   t h e   c r i t i c a l  Mach number (where qon i s  a minimum) f o r  a panel   of  

L/W = 4 . 4 8  l i e s  between 1.3 and 1 . 4 .  This  r e s u l t  i s  c o n s i s t e n t  w i t h  

prev ious   pane l   f lu t te r   exper ience   which   ind ica tes   tha t  the  majority  of 

p a n e l   f l u t t e r  problems  occur i n   t h e  low supersonic   f l ight   regime.  A s  

noted in   F igu re   38 ,   t he   f l u t t e r   boundary   t hen   i nc reases   r ap id ly  as 

Mach number decreases  toward 1 . 0 .  This   cont ras t s   wi th   the   f requent ly  

employed theo re t i ca l   pa rame te r  which p r e d i c t s  a rapid  decrease  toward  zero 

a t  M = 1 . 0 .  A de ta i led   d i scuss ion   of  the  Mach e f f e c t  on t h e   p a n e l   f l u t t e r  

parameter i s  given  in   Reference  3 .   In   addi t ion , p e r t i n e n t  Mach e f f e c t   d a t a  

from t h i s  t e s t  program  appears i n  Appendix D. 

Effect  of  Compressive Edge Load - The f l u t t e r   o n s e t  dynamic pressure 

o f   t h e  t e s t  panels  decreased w i t h  increasing  compressive  edge  load,  and 

t h e n   l e v e l e d   o f f   i n   t h e   v i c i n i t y   o f  E = 1 . 0 .  This  e f f e c t  i s  shown i n  

Figures 40 and 41 .  Figure 40 , which i s  a p lo t   o f  q versus  ?f f o r  one 

Mach n h b e r  ( M  = 1.3)  , shows 72% reduct ion   in   onse t  dynamic pressure 

between %x = 0 and 1.0. Figure 4 1  p re sen t s  a comparison  of the  d a t a  

obtained at M = 1.1, 1.2, 1 . 3 ,  and 1.4. The t r e n d  of decreasing q on 
wi th   increas ing  x i s  ev iden t   i n  a l l  cases as wel l  as the  tendency 

f o r  minimum  q t o   o c c u r   n e a r  = 1 . 0  ( t h e  s t i l l  air buckl ing   load) .  

X 

on X 

X 

on X 

E f fec t   o f   D i f f e ren t i a l   P re s su re  - S t a t i c   d i f f e r e n t i a l   p r e s s u r e  has 

a s t r o n g l y   s t a b i l i z i n g   e f f e c t  on f l a t  pane l s .   D i f f e ren t i a l   p re s su re  was 

r emote ly   con t ro l l ed   i n  a manner t h a t  i s  d i s c u s s e d   e a r l i e r   i n   t h i s   s e c t i o n .  

Dur ing   w ind   t unne l   t e s t s ,   t he   s t a t i c   p re s su re   d i s t r ibu t ion   ove r  the panel  

face   var ied ,   and   a l so   f luc tua ted   wi th  time. Values  of AP shown  on t h e  

da t a   t he re fo re ,   r ep resen t   an   ave rage   i n   bo th   space   and  time. 

Figure 42 shows how AP i n c r e a s e s   t h e   b a s i c   l e v e l   o f  q versus  3 . The on X 

higher  curves (AP > 0 )  show tha t   the   genera l   shape   of  t he  f l u t t e r  boundary 



remains  the same as t h e  base cu rve   fo r  AP = 0 .  Figure 43 i s  a c ross   p lo t  

o f   the   curves   in   F igure  42 and  shows how AP i n c r e a s e s   f l u t t e r   b o u n d a r i e s  

at f ixed   va lues   o f  N . 
X 

Tes t   da t a   fo r   Pane l  5 ,  f o r  AP = 0 and 0 .1  p s i  i s  given i n   F i g u r e  44. To 

b e t t e r   v i s u a l i z e   j u s t  how s i g n i f i c a n t  this e f f e c t  i s ,  a 0 . 1  p s i  change i n  AP 

can n u l l i f y   t h e   e f f e c t   o f  a compressive  load  of  about 40% buckl ing.  

Panel  Behavior  During  Flutter 

The panel  dynamic response  features   of   pr imary  interest   were  bending 

and a x i a l   s t r e s s ,   f l u t t e r   f r e q u e n c y ,  and f l u t t e r  mode shape. The s t r a i n  and 

displacement  sensors,   in  addition  to  defining  onset,   were  used  to  measure 

t h e  dynamic parameters   dur ing   f lu t te r .  On t h e  basis of prel iminary  design 

in fo rma t ion ,   s t r a in  gauges A and B were  located as near as p o s s i b l e   t o   t h e  

p o i n t   t h a t  would experience maximum bend ing   s t r e s s   du r ing   f l u t t e r ,  and t h e  

Wayne-Kerr displacement  pickups  were  located t o   d e f i n e   t h e   f l u t t e r  mode 

shape.   In   the  event  t h a t  the   po in t  of maximum stress   occurred  e lsewhere on 

the   pane l ,  a reasonably   accura te   descr ip t ion  of t h e  mode shape  could  then 

be  used t o   c a l c u l a t e   t h e  maximum s t r e s s  by ex t r apo la t ing  from t h e  measured 

va lue .  With knowledge of  t h e   f l u t t e r   f r e q u e n c y  and m a x i m u m  s t r e s s ,   e x i s t -  

i n g   f a t i g u e   c r i t e r i a   c a n   t h e n   b e   u s e d   t o   e s t i m a t e   t h e   p a n e l   f a t i g u e   l i f e   i n  

a given  f lut ter   environment .  This  s e c t i o n   d e s c r i b e s   t h e   s t r e s s e s   ( b o t h  

s t a t i c  and  dynamic) that  were  measured  during f l u t t e r ,   t h e   f r e q u e n c i e s ,  and 

the  displacements .  

1 1 

Pane l   S t r e s ses  - The pane l   s t r e s ses  measured  during  the  wind  tunnel 

program  were  obtained  from s t r a i n  gauges that  were loca ted  downstream and 

near   the  panel   edges  (see  Figure 9 ) .  S t r a i n  gauge elements at each  locat ion 

were  mounted on bo th   s ides   o f   t he   pane l  and  each  gauge  could  measure e i t h e r  

bending or a x i a l  (membrane) s t r a i n  depending on t h e   e l e c t r i c a l  hookup. The 

bridges  were  temperature  compensated up t o  130°F which was w e l l  above t h e  

tunnel  wall tempera ture .   S t ra ins  were  converted t o   s t r e s s  by use   o f   the  gen- 

e r a l i z e d  Hooke’s l a w .  Both the  bending and a x i a l   s t r e s s e s   c o n s i s t e d   o f  

s t a t i c  and  dynamic  components. The s t a t i c   s t r e s s  component i n  bending  resul t -  

ed  f rom  s ta t ic   panel   deformation  induced  e i ther  by N (buckl ing)  o r  by AP. 

The s t a t i c   p a r t   o f   t h e   a x i a l   s t r e s s  was due t o  compression  caused  by N and 

s t re tch ing   caused  by AP. The  dynamic pa r t   o f   t he   bend ing   s t r e s s  w a s  caused 

by unsteady  panel   motion  induced  by  panel   f lut ter  or by r e sponse   t o   t u rbu -  

l ence ,  and t h e  dynamic p a r t   o f   t h e   a x i a l   s t r e s s  was caused  by  s t re tching 

as the   pane l  underwent la rge   ampl i tude   f lu t te r   mot ion .  

X 

X 
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The  dynamic p a r t   o f   t h e  axial  stress p lays  a m a j o r   r o l e   i n   d i s t i n g u i s h -  

ing   l a rge   ampl i tude   p la te   theory   f rom small def lect ion  theory  (Reference 19). 
Fur thermore ,   th i s  dynamic a x i a l  stress limits amplitude  buildup when a panel  

i s  s u b j e c t e d   t o   d e e p   f l u t t e r .  

Figures  45 through 54 summarize t h e  stress measurements  obtained  from 

two  panels ( 4  and 6)  tha t   p rovided   ex tens ive  t e s t  data. Figure 45 i s  a 

t y p i c a l   p l o t   o f   t h e   s t a t i c  component of  measured  axial  stress at f l u t t e r  on- 

set   versus   appl ied  compression  load.  The s t a t i c  component of   the  bending 

s t r e s s  w a s  e r r a t i c  and  unrepeatable  due  again t o  slight i n i t i a l   c u r v a t u r e  

of unknown magnitude. The measurements  showed  however, t ha t  t h e   l a r g e s t  

s t a t i c   b e n d i n g  stress w a s  about   the same magnitude as t h e   s t a t i c   a x i a l   s t r e s s .  

O s c i l l a t o r y   a x i a l  stresses a r e  shown i n   F i g u r e s  46 and 47 as p l o t s   o f  

peak-to-peak s t r e s s   v e r s u s  . These  data are g i v e n   f o r   t h e   f l u t t e r   o n s e t  

c o n d i t i o n   a n d   f o r   f l u t t e r   p e n e t r a t i o n  a t  1.17, 1.33, and 1 . 5  times f l u t t e r  

onset  dynamic pressure.   Deeper   penetrat ion i s  ind ica t ed  by the   dark  

symbols loca t ed   h ighe r   a long   t he   l i nes   o f   cons t an t  q.  

X 

Figure 48, a p l o t   o f   t h e  peak-to-peak osc i l l a to ry   bend ing  stress at 

f l u t t e r   o n s e t   v e r s u s  rx, i n d i c a t e s  t h a t  the   osc i l la tory   ampl i tude   remains  

bounded  below  buckling (when < 1) b u t   r i s e s   r a t h e r   s h a r p l y  when zx 
exceeds 1. This same t r e n d  was a l s o   c l e a r l y   i n d i c a t e d  by  Panel 4 onset  

data, as shown i n   F i g u r e s  49 and  50.  Also , t o  be   no ted   i n   t hese  two f i g u r e s  

i s  t h e   i n d i c a t e d   e f f e c t  of AP which  apparently  increases  the  amplitude of 

t h e   o s c i l l a t o r y   b e n d i n g  stress a t  f l u t t e r   o n s e t .   T h i s   t r e n d  i s  demonstrated 

i n   t h e   f o l l o w i n g   t a b l e   ( f o r  Kx < 1 . 0 ) :  

X 

AP ( p s i  Max. Osc. Bending S t r e s s  p-p, p s i  

0 1800 

.1 2250 

- 1 5  2600 

The e f f e c t   o f   f l u t t e r  boundary  penetration on osc i l l a to ry   bend ing  stress 

i s  shown i n   F i g u r e s  5 1  and  52. The genera l   t rends  are very similar t o  

those   o f   t he   o sc i l l a to ry   ax ia l   s t r e s ses   (F igu res  46 and 47)  a l though  the 

peak-to-peak  bending s t r e s s e s   a r e   l a r g e r  by  about 5 t o  1 i n  one case 

(comparing  Figure 51  with  Figure 46) and  about 3 t o  1 i n  t h e   o t h e r  (compar- 

ing  Figure 52 with  Figure 47) .  I n   a d d i t i o n ,   t h e   b e n d i n g   s t r e s s e s  a t  higher 

l e v e l s  of  pene t r a t ion  show a f a i r ly   we l l   de f ined   t endency   t o  level  o u t ;  

t h i s  i s  more ev ident   in   F igure   52 .  



Figure 53 is  a cross-plot  of  Figure 52 showing how t h e   o s c i l l a t o r y  

bending stress amplitude varies with dynamic pressure   for   paramet r ic  

var ia t ions   in   compress ion   loading  x . Figure 54 shows how the o s c i l l a t o r y  

bending stress changed wi th  q up t o  a penetration  (q/qon)  of  almost 3 t o  

1 and  c lear ly  shows the   l eve l ing   o f f   t endency  a t  the  h igher   pene t ra t ion .  

This  sequence of t e s t  p o i n t s  .(Appendix C ,  l o g  5 0 )  w a s  made a t  the  termina-  

t i o n   o f   t h e  program t o  t es t  the endurance  of a t y p i c a l  t e s t  panel .  The 

most severe penet ra t ion   occpr red   dur ing   the   log  51  run   (q  = 1000 p s f ,  

q/qon = 3.33 , Ex = 1 .7 ) .  The pane l   d id   no t  f a i l ,  even after dwelling 

a t  q = 1000 psf   for   twenty  minutes .  

X 

Flut te r   Frequencies  - The f l u t t e r  frequencies l i s t e d  i n  Appendix C 

were measured  by a pulse  counter  which works v e r y   w e l l   f o r  waveforms 

t h a t  do not  have  multiple  peaks  during  one  period of  t h e  fundamental 

f requency.   Since  the  s t ra in   gauge  and Wayne-Kerr waveforms of ten   conta ined  

higher  frequency  harmonics, a more de t a i l ed   s tudy   o f  the  frequency  content 

of   these  waves was performed  on 25 wind tunne l  data logs .   Visua l  

i n spec t ion  and  Fourier  transform  analyses of  t h e  wave shapes were employed 

i n   t h e   s t u d y .  

The fundamental f l u t t e r   onse t   f r equenc ie s   ob ta ined  from  Fourier 

t ransform  ana lyses   o f   the  data logs   a r e  shown in   F igu re  55 as a func t ion  

o f  Mach number and  compressive  edge  load. The f i g u r e  shows a general  

lowering  of  onset  frequency w i t h  increasing  compressive  edge  load  and 

decreasing Mach number, the e f f ec t   be ing  most  pronounced a t  M = 1.1 and 

113%  of  buckling. The d i f f e r e n t i a l   p r e s s u r e s  t h a t  were employed i n   t h e  

tests ( z e r o   t o  .15 p s i )  had a n e g l i g i b l e   e f f e c t  on the  f lu t t e r   f r equency .  

A s  dynamic p res su re  w a s  increased  beyond  f lut ter   onset   the   funda-  

men ta l   f l u t t e r   f r equency   i nc reased   s l i gh t ly .  T h i s  i s  shown i n   t h e  table  

below f o r   P a n e l  6 deep  penetration  sequence  (Appendix C ,  l o g  50) at 

96% buckl ing   load:  
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Deep Penetrat ion  Sequence  for  = 0.96 (Panel 6 ,  M = 1.3, AP = 0 )  

Dynamic Pressure Fund. Flut ter   Freq.   Condi t ion 
(PSf) (Hz) 
300 

400 

600 

800 

F l u t t e r  Onset 

Pene t r a t ion  

Pene t r a t ion  

Pene t r a t ion  

I n   a d d i t i o n   t o   t h e  above  fundamental   f requency  t rend,   the   s ignal  waveforms 

e x h i b i t e d   i n c r e a s i n g  first overtone  content  ( twice  the  fundamental   frequency) 

with  increasing  penetrat ion.   This   increasing  harmonic  content  f irst  became 

ev iden t   i n   t he   ou tpu t s   f rom  the   t r ansduce r   l oca t ed  a t  t h e   t r a i l i n g  edge  of 

the   pane l   (probe  F and  bending  gauge B1) and moved forward w i t h  i nc reas ing  

pene t r a t ion   ( t o   p robes  C and A ) .  Figure 56 shows the  changing waveform 

t rends   wi th   increas ing   pene t ra t ion .  The f i r s t  overtone  content a t  t h e  rear 

par t   of   the   panel   very  quickly  dominated the  fundamental,  giving  the  impres- 

s i o n   t h a t   t h e   r e a r   o f   t h e   p a n e l  w a s  f l u t t e r i n g  at twice the  frequency  of 

t h e  forward  par t .  The waveforms at t h e  far r i g h t   o f   t h e   f i g u r e   a r e   f o r  

t h e   g r e a t e s t   p e n e t r a t i o n   r u n   d u r i n g   t h e s e   t e s t s .  

I n  summary, the   fo l lowing   f requency   charac te r i s t ics  were observed: 

( a )  F lu t te r   onse t   f requencies   genera l ly   decreased   wi th   increas ing  

compressive  load  and  decreasing Mach number. 

( b )  F lu t te r   f requency   increased  somewhat wi th   increas ing  dynamic 

p res su re   pene t r a t ion  beyond f l u t t e r   o n s e t .  

( c )   I n   d e e p   f l u t t e r   p e n e t r a t i o n ,  the predominant  frequency com- 

ponent  of  the rear por t ion   o f   the   pane l  was t w i c e   t h a t  of t h e  

forward  port ion.  

Panel Motion  During F l u t t e r  - The to ta l   pane l   deformat ion  was measured 

with Wayne-Kerr non-contacting  displacement  gauges at s ix   s t reamwise  panel  

l oca t ions   (desc r ibed   i n   In s t rumen ta t ion   s ec t ion ) .  A t  the   beginning   of   the  

tes ts  the  gauges were loca ted   a long  the pane l   cen te r l ine .  However, non- 

un i fo rm  s t a t i c   p re s su re   a long   t he   t unne l  w a l l  caused   pane l   s ta t ic   defor -  

mations that  could   e i ther   shor t   the   pane l   to   the   p robes   ( inward   pressure)  

or cause a head   spac ing   t oo   l a rge   fo r   l i nea r   ope ra t ion   o f   t he   s enso r s  

(outward  pressure) .  The Wayne-Kerr pickups  were  then moved t o  a l i n e  2.5 
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inches  off   the   center l ine  where  panel   motion w a s  smaller, bu t  where t h e  

t ransducers   remained  within  their  l i n e a r  operat ing  ranges.  The displace-  

ment ampli tude  data   presented i n  t h i s   s e c t i o n  were measured a t  t h i s   o f f  

c e n t e r l i n e   l o c a t i o n  where t h e   p a n e l  i s  e s t ima ted   t o  move through 1/3 t o  

l / 5  of   the  displacement  at t h e   c e n t e r l i n e .  On t h i s   b a s i s ,   t h e   p e a k   o s c i l -  

la tory  panel   motion  during f lu t t e r  w a s  e s t i m a t e d   t o  be of   the   o rder  o f  

one  panel  thickness  which  caused a s igni f icant   bu i ldup   of  membrane stress, 

about 20 t o  33% of   the  bending stress. The displacement  pickup a t  posi-  

t i o n  B (See  Figure 4)  d id   no t   func t ion   p rope r ly   du r ing   t unne l   t e s t s .  

Figures 57 (a )  through  57(d) show a series o f   f l u t t e r  mode shapes   t ha t  

were obta ined   wi th   increas ing   va lues   o f  . The presence  of  both Co ( i n -  

phase)  and Quad (90"  phase s h i f t )  components i n d i c a t e s   t h a t   f l u t t e r  was of  

t h e   t r a v e l i n g  wave var ie ty .   These mode shapes show that   panel   deformation 

i s  g e n e r a l l y   l a r g e r   t o w a r d   t h e   t r a i l i n g  edge  although  not t o  a s i g n i f i c a n t  

degree.   Addit ional ly ,   the  component mode shapes   t end   t o   t ake  on a d d i t i o n a l  

c ross   s t ream  nodal   l ines   wi th   increas ing  . This   t r end   sugges t s   t ha t  as 

approaches 1, t h e   f l u t t e r  mode shape  takes on more o f   t he   cha rac t e r   o f  

X 

X 

X 

the  buckl ing mode shape ( a  minimum energy  configurat ion  under   s ta t ic  

inp lane   loading) .  

Figures 58 through 61 present  peak-to-peak  panel  displacements  measured 

d u r i n g   f l u t t e r  as funct ions  of  % q and  sensor   locat ion.   Figures  58 and 59, 
fo r   ze ro  AP,  show osc i l l a to ry   d i sp l acemen t s   fo r  an  upstream  and  downstream 

X '  

pane l   loca t ion  as a funct ion  of  3 f o r   b o t h   f l u t t e r   o n s e t  and pene t r a t ion .  

These  f igures  show ( a )  sha rp   i nc reases   i n   f l u t t e r   onse t   ampl i tude  when 

the   pane l   buckl ing   load  i s  exceeded (F > 1) , ( b )   l i n e a r   i n c r e a s e s   i n  amp- 

l i t u d e   w i t h   f l u t t e r   p e n e t r a t i o n   ( u p   t o  50% dynamic p r e s s u r e   p e n e t r a t i o n )  , 
and ( c )   gene ra l ly   l a rge r   ampl i tudes  downstream. 

X 

X 

The e f f e c t   o f   d i f f e r e n t i a l   p r e s s u r e  on panel  displacement i s  shown 

in   F igu re  60. The  most obvious   e f fec t   o f  AP i s  the  level ing-off   behavior  

a t  the   h ighe r   d i sp l acemen t s   i n   con t r a s t   t o   t he   nea r ly   l i nea r   behav io r  

f o r   t h e   z e r o  AP cases .  
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Figure 61 shows panel  displacement  behavior  for a deep f l u t t e r  pene- 

t r a t i o n  run. Speci f ica l ly ,   the   d i sp lacements  a t  the  forward,  middle,  and 

a f t  p o r t i o n s   o f   t h e   p a n e l  are presented as a flmction  of dynamic pressure.  

These  displacements a l l  inc rease   l i nea r ly   w i th  q u n t i l  q = 500 ps f  

(167% qon) .   Thereaf ter   the   middle   and af t  displacements   general ly  

continue t o  grow, bu t  at a slower ra te  , while  the  forward  displacement 

t e n d s   t o   d r o p  somewhat.  The  reason f o r  the s l i g h t   k i n k  at about q = 550 ps f  

(183% qon) i s  not known bu t  may be   i nd ica t ing  a s h i f t   i n   f l u t t e r  mode. 



CONCLUSIONS 

F l u t t e r  Onset 

1. The minimum f lu t te r  onset  dynamic p res su re   fo r  the p a n e l s   t e s t e d  

occurred  between Mach 1.3 and 1 . 4 .  

2 .  In-plane  compressive  edge  loads  have a marked d e s t a b i l i z i n g   e f f e c t  

on onset dynamic pressure .  Maximum e f f ec t   occu r red   nea r  t he  p m e l  

buckl ing  load where t h e  onset dynamic pressure w a s  reduced t o  about 

one four th   o f   the   zero   load   va lue .  

3. An ave rage   p re s su re   d i f f e ren t i a l   ac ross   t he   pane l  as l i t t l e  as 0.10 

p s i  raised the  onset dynamic pressure  by  about 50%. This  pressure  

d i f f e r e n t i a l  i s  very small, of t h e  saine order  as t h e   v a r i a t i o n   i n  

s t a t i c   p re s su re   ove r   t he   pane l   su r f ace .  A d i f f e r e n t i a l   p r e s s u r e   o f  

t h i s  s i z e  has about t he  same e f f e c t  on f lu t t e r  onset as a dec rease   i n  

compressive  load  of  about 40 t o  50% of  buckling. 

4. Boundary l a y e r  , cav i ty  volume , and cross  stream s t i f f n e s s  had 

minor e f f e c t s  on f l u t t e r   o n s e t .  The average  boundary  layer  thickness 

w a s  varied  from  approximately 1 .0  t o  1 .3  inches  and  the  equivalent  cavity 

depths were 40 inches and i n f i n i t y .  

F l u t t e r   P e n e t r a t i o n  

1. During f lu t t e r   pene t r a t ion ,   t he   i nduced   bend ing  stresses were ap- 

proximately 3 t o  5 times the  induced  in-plane (membrane) stresses. 

2.  The to t a l   su r f ace   s t r e s ses   i nduced   by  f l u t t e r  start from a f i n i t e  

l e v e l  at o n s e t ,   i n c r e a s e   l i n e a r l y  w i t h  dynamic pressure,   then  appear  

t o   f l a t t e n   o u t   w i t h   f u r t h e r   i n c r e a s e   i n  dynamic pressure .  
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3. The m a x i m u m  pene t r a t ion  run (170% buckl ing,  dynamic pressure  3.3 
times o n s e t )   r e s u l t e d   i n  no pane l   f a i lu re  or evidence  of  fatigue  cracks.  

Maximum s t r e s s  measured at the   su r f ace  of t h e   p a n e l   t r a i l i n g  edge was 

11,000 p s i  and t h i s  was maintained for more than  twenty  minutes,   corres- 

ponding t o  about 360,000 cycles .  
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Table I - Surrrmary of Tes t  Panel S t r a i n  Gauges 

i 

Panel Number 
___ ~ 

B1 

X 

X 

X 

X 

X 

X 

X 

X 
~ _ _  

A1 

X 

X 

X 

X 

X 

X 

X 

X 
~" ~~~ 

?anel  3 had a buckl ing  load and frequency  respcmse 

When Panel  
Was Tested 

CT 

CT 

CT & WTT 

WTT 

W T T  

W T  

WTT* 

Untested 

2 h a r e c t e r i s t i c s  
which  were  incompatible  with  the  okher t e s t  par,els. It w a s  r e j e c t e d  
b e f o r e   f l u t t e r   t e s t i n g .  

Notes 

A % gauge  measuring a x i a l   s t r a i n  

R Q, gauge  measuring  bending s t r a i n  

Subscripts  denote  gauge  locations - see  Figure 9 
CT % Checkout Test 

WTF Wind Tunnel T e s t  
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4= 
0 

Mode 

1 

2 

3 

4 

5 

6 

7 

8 

Table I1 - Frequency  Comparison Data, Experiment  and  Theory 

Experimental 
Data ( H z )  

12 8 

136-142 

152-161 

17  3-1  80 

197-206 

215-228 

262-275 

309-  324 

Pinned A l l  
Around 

72 

82 

99 

12 3 

15 4 

19 2 

2 36 

288 

Theoretical  Resonant  Frequencies (Hz) 

Long Sides  Pinned 
Short  Sides Clamped 

73 

86 

106 

133 

16 7 

256 

Long Sides Clamped 
Short  Sides  Pinned 

Clamped 
A l l  Around 

Experimental Data i s  for   Fane l  1 = 0 Ap = 0, c r o s s   s t i f f e n e r s  I N  

Theoret ical  Data was obtained from a s i n g l e  mode approximation, N = 0 , AP = 0 .  
See  Reference 15. 

X - 
X 



Table I11 - Conparison of Frequency Data fo r  Cavity Access Cover On and Off  

r 
Mode 

II 

f2 

f3  

f 4  
f 5 

f6 

f7 

f9 

f8  

10 

Experimental  Resonant  Frequencies - Hz 

3 = o  

f 1 
T 

Pan€ 
ON - 

120-128 

127-135 

142-153 

152- 169 

172-180 

203-208 

242-262 

293-304 

345-360 

OFF 
- 

- 
132 

15  3 

16 8 

182 

20 7 

260 

30 3 

35 4 

Pan€ 
ON 

Not 
Avai 1- 
ab le  

1 

AP = 0 f o r  a l l  data  



Table I V  - Chronological  History  of  Panel 5 Frequencies 
Showing the   E f fec t  of F lu t t e r   Tes t ing  

Panel  Resonant  Frequencies - Hz 

f3 
f7  f8 f6 f5 *4 Comment 

14-5 234  27 2 New Panel 204 179 156 

Flut te r   Tes t ing*  

150 

142 

NP 

142 

161 

154 

170 193" ,209 

176 201 

After   F lu t te r   Tes ts .  
Multiple 6 , 7 , 8th modes 
Low panel  response 
amplitudes. 

Reseated  Panel. 
Panel OK. 

F lu t te r   Tes t ing*  

156 After   F lu t te r   Tes t ing .  276 2 34 191" ,200 17 2 
Vu1tipI-e 6 t h  mode. 
Low panel  response 
amplitudes. 

15 5 Panel  Reseated. 26 5 22 8 19 8 170 
Panel OK. 

Flu t t e r   Tes t ing  

NP After   Flut ter   Test ing.  283 225,2!+3*  195  ,209* 172 , 179 * 15 5 
Multiple 5 ,6,7th  modes, 

NP - No Resonant Peak Observed 
JC - Dominant Flode 



! 

" 

Table V - Data Showing Effect  of  Secondary 
Parameters on F l u t t e r  Onset 

Range of qon (psf)  
~- 

No Cross 
Cross S t i f f e n e r s   S t i f f n e s s  

~~~ " 

Smooth Wall 
~ 

Rough Wall 
- . . - -. - - 

Cavity Open Cavity  Closed 

*Not Measured 
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Test P a n e l  

Wind  Tunnel 
Wall  Replacement 

Flow D i r e c t i o n  
Cross  S t i f f e n e r  

Loading Block 

But t   B lock  
Mounts €or 
Displacement  

Figure 1 Panel Flutter Test F ix ture  
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Figure 2 Panel Holder Assembly 





I J" I 
Active P o r t i o n  o f  T e s t   P a n e l  

I 7 Flow Direct ion 

- - b2- 7 6.7 + - 

Shaker  7" 
F E D C I B  

0-0 @"-@ 6 i' 
I 1 

@ Wayne-Kerr Non-Contacting  Displacement  Probe,  Type ME-1 

Measurements i n   i n c h e s  

Figure 4 Wayne-Kerr Probe and Shaker Locations 
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Flow 
Di rec t ion  

t 1. 10 

/ n 3 
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Figure 55 Effect   of  Compressive Edge Load and Mach Number 
on F l u t t e r  Onset  Frequency 
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APPENDIX A 

EFFECT OF MASS LOADING ON PANEL FREE VIBRATIONS 

A v ib ra t ion   ana lys i s   u s ing  R i t z ’ s  Method, as descr ibed   in  

Reference 20 was performed on t h e  t e s t  panel t o  examine t h e   e f f e c t  of 

the  concentrated  shaker  mass. The t h e o r e t i c a l  mass w a s  l oca t ed  on 

the   pane l   cen te r l ine  2 inches  behind  the  leading  edge  to   s imulate   the 

mass load  due to   the   shaker   a rmature   and  stem. Clamped 

beam mode shapes  presented  in   Reference 2 1  were  used i n  the   ana lys i s  

( s i x  stream d i r e c t i o n  modes and  one  cross-stream  mode). Table A . l  

summarizes   the  f requency  resul ts   of   the   analysis  and shows t h a t  

i nc reas ing  mass loading  lowers  panel  frequencies. The first mode 

experienced  the  greatest  modal d i s t o r t i o n   e s p e c i a l l y  a t  t h e   h i g h e r  

mass loadings as shown in   F igu re  A . l .  The a c t u a l  mass loading due t o   t h e  

shaker  (shaker  mass/panel mass = .049) had a small e f f e c t  on the   Panel  

v ib ra t ion  modes. 



Table A . l  - Theoret ical   Frequencies   for   the  Test   Panel  
Using a Mass Load-at  the  Shaker  Posit ion 

~ 

I 
. 

Resonant  Frequency - Hz 

Panel  Properties 

Length: 30 inches  Width: 6.7 inches  Thickness : .032 inches 

Young ' s Modulus : 10.5 x 10  p s i  
Panel  Density : ,101 l b s / i n 3  

6 

Mass Ratio = Concentrated Mass 
Panel Mass 
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Leading Edge T r a i l i n g  Edge 

- i .  : 

. .  . 

M =  .1 

M = Concentrated Mass Divided by Tota l   Pane l  Mass 
Dot i n d i c a t e s   p o s i t i o n  of concentrated mass 

Figure A . l  D i s t o r t i o n  of t h e  1st Mode Due t o  a Mass Loading 
at the Shaker  Attachment  Point  (Theory) 



APPENDIX B 

EFFECT  OF IMBALANCED COMPmSSION LOAD ON PANEL  RESONANCES 

The t e s t  f ixture was designed so that   the   compressive  load  f rom 

the   hydraul ic   cy l inder  was very  near ly   equal ly   divided  between  the two 

s ide  longerons.  However, small load  imbalances  were  measured  (about 

5% difference  between  longerons)   during  the GVT and it was decided t o  

exper imenta l ly   inves t iga te   the   e f fec t   o f   load   imbalances  on panel  

modeshape  and  frequency. 

The fixture u s e d   f o r   t h e   i n v e s t i g a t i o n s  i s  shown i n   F i g u r e  B.l. 
It cons is ted   o f  a panel  (similar t o   t h e  t es t  pane l :   th ickness  = .032", 

L/W = 4.2, L = 26.5", W = 6.3") r i v e t e d   t o  a r ec t angu la r  frame of 

diamond-shaped cross-sect ion  tubes  with s t ee l  b u t t   l o c k s .  A threaded 

rod was run  through  each  of   the  tubular   s ide  pieces .  The panel  could  be 

s u b j e c t e d   t o  a compressive  edge  load  of  any  desired  imbalance  by 

i n d i v i d u a l l y   t i g h t e n i n g   t h e   n u t s  which  capped the  exposed  ends  of  the 

rod.  Three  panel mounted s t r a i n  gauges were used t o  determine  the com- 

pressive  edge  load. 

Vibration  measurements  were made f o r  edge  loads  ranging  from  zero 

load   t o   s l i gh t ly   ove r   buck l ing   w i th   l oad   imba lances  as high as 40%. It 

was found t h a t   t h e  mode shapes (as indicated  by  sand  pat terns)   were 

re la t ive ly   undis tor ted   by   the   unbalanced   loading .   In   addi t ion  it was 

found  tha t   the   resonant   f requencies  were e q u a l   t o  the  corresponding 

frequencies  observed when the   pane l  was s u b j e c t e d   t o  a uniformly  dis-  

t r i b u t e d   l o a d   e q u a l   t o   t h e   a v e r a g e   o f  the imbalanced  edge  loading. 

Figure B.2 shows how closely  these  average  edge  loading  f requencies  

compare with  the  uniform  edge  loading  frequencies.  
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Figure B . l  Load Imbalance  Test  Fixture 
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Panel   Propert ies  : Length = 26.5 i n .  Thickness = .032 i n .  
6 Width = 6.7 i n .  Young's Modulus - 10.5 x 10 psi 
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Figure B.2 Panel Natural Frequencies Showing t h e   E f f e c t s  

of  an  Imbalanced  Compressive Load 
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APPENDIX C 

LOG OF TEST DATA 

Th i s   s ec t ion   p re sen t s  a l i s t i n g   o f  a l l  t e s t  p o i n t s  that were obtained 

d u r i n g   t h e   t u n n e l   p o r t i o n   o f   t h e  t es t  program.  The information  presented 

h e r e   i n c l u d e s   t h e   p a n e l   t e s t e d ,   t h e  t es t  f ixture conf igu ra t ion  (wall 

roughness ,   cavi ty ,cross  stream s t i f f e n i n g )  , the   f low  condi t ions ( M  and q) , 
t he   f l u t t e r   f r equency ,   and  comments c o n c e r n i n g   t h e   n a t u r e   o f   t h e   f l u t t e r  

or panel  response.  Symbology and  notat ion i s  explained  below. 

Notes: 

Test f ix ture   conf igura t ion   code:  

61: smooth w a l l  boundary  layer 

6 2 :  rough w a l l  boundary  layer 

CVO: c a v i t y  open 

CVC: cav i ty   c losed  

CS: c ros s  stream s t i f f e n i n g  

NCS: no c ross   s t r eam  s t i f f en ing  

(Thus a conf igu ra t ion   o f  6 - CVO -CS means panel  w a s  t e s t e d   w i t h  1 
t h e  smooth w a l l  boundary  layer ,   the   cavi ty   open,   and  the  cross   s t ream 

s t i f f e n e r s   i n s t a l l e d . )  

Explanation  of terms i n   t h e  comment column: 

Onset - Point  at f lu t t e r   boundary ,  no s u b f l u t t e r   d a t a  

Onset  Survey - Point   taken a t  f l u t t e r  boundary  preceded  by 

s u b f l u t t e r   d a t a  

Penet 1: 17% dynamic p res su re   pene t r a t ion  

'Penet 2 :  33% dynamic pressure   pene t ra t ion  

Penet 3: 50% dynamic p r e s s u r e   p e n e t r a t i o n  

Penetration  sequence - r e f e r s   t o  a comple te   se t   o f   pene t ra t ions :  

1, 2 ,  3 accomplished  by  varying fl and  f ix ing  a l l  t h e  

other   parameters .  
X 
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1.3 
1.1 

1.2 

1.3 
1.3 

1.4 
1.4 
1.3 
1.3 
1.2 

1.1 

1.2 

i.2 

1.2 

1.1 

1.4 

1.4 
1.4 
1.4 
1.4 

cl 
(PSf 1 

640 

675 
700 
800 

775 
800 
1150 

200 

400 

400 

400 

400 

600 

635 
600 

650 
600 

600 

848 
400 

350 

363 

300 

300 
400 

400 

400 

0 

0 

0 

0 

.12 

0 

0 

* a9 
93 

.62 

53 
.46 
.09 
0 

.04 

0 

.24 

.62 

0 

* 73 
1.00 

1.13 

* 76 
1.12 

.48 
79 

1.01 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

.11 

130 

130 

135 
130 

137.5 
135 
130 
100 

140 

125 
120 

55 

Onset 

Onset 

Onset 

Onset 

Onset 

Onset 

Onset 

Onset 

Onset 

response)  

Onset 

response) 

Onset 

Onset 

Onset 

Onset 

Onset 

Onset 

Onset 

Onset 

Onset 

Onset 

Onset 

Onset 

( E r r a t i c   p a n e l  

(E r ra t i c   pane l  

( Erra t i c   pane l  
response) 

120 Onset 

120 Onset 

145 Onset 

12 5 Onset 

.125 115 Onset 



Panel 

4 

v 

4 

Log 

40 
4 1  
42 
43 
44 
45 
46 
47 
48 
54 

55 

56 
57 
58 

59 
60 
61  
62 

63 
64 
68 

69 
70 
71 

74 

78 

81 

Configuration M 

6- -cvc-cs 

61-cvc-cs 

9 il 
(PSf 1 X 

400 1.12 

, 500 .30 

500 .67 
500 1.01 

500 1.23 
600 .45 
600 .79 
600 1 .01  

400 1.35 
1050 0 

1050 .34 

lo so  .67 
750 0 

750 -34 

750 .34 
750 1 .01  

750 .67 
goo 0 

goo .336 
goo  .67 
500 .37 
400 .48 
675 00 

675  .17-.45 

550 .38-.62 

400 .65-.  86 

400 1 . 3 5  

AP f Comment 
( p s i )  (Hz) 
.13 110 Onset 

0 130 Onset 

.10 135 Onset 

.17 125 Onset 

.19 125 Onset 

.13 1.30 Onset 

.18 120 Onset 

.19 120 Onset 

.16 112.5 Onset 

.ll 130 Onset 
(Erratic  panel 

. l7   150  (Erratic panel 

response) 

response) 

.l9 150 Onset 

0 125 Onset 

.11 137.5 Onset 

0 125 Penet 1 

.18 130 Onset 

. I 6  125 Onset 

.18 145 Onset 
(Erratic  panel 
response) 

.125  135 Onset 

.18 
0 

0 

0 

0 

0 

0 

.12 

Onset 

Onset 

Onset 

Onset 

Penetration 
sequence 

Penetration 
sequence 

Penetration 
sequence 

Onset 



Panel Log 

82 
83 
84 

87 
88 
94 

95 
98 
99 
100 

101 

102 

103 

105 

107 
108 

112 

113 
114 

115 

117 
119 

120 

121 

128 

Configuration 

6y”VC-CS 

~ y ” V C - C S  

1.4 400 1.57 -14  

1.4. 300 .68 0 

1.4 300 .75-.93 0 

1.4 300 1.35 .08 

1.4 300 1.57’ .13 

1.4 900 0 .03 

1.4  900 .13 .10 

1.4 goo .86 .20 
1.4 go0 .26 .lo 

1.4 900 .37 .10 

1.4 900 .50 .15 

1.4 450 .10 
1.0-1.5 

M 9 fi AP f Comment 
(PSf 1 ( p s i  (HZ) X 

1.4  600  .59-.92 .10 130-140 Penetrat ion 

107 Onset 

130 Onset 

125 Pene t r a t ion  
sequence 

100 Onset 

100 Onset 

140 Onset 
( E r r a t i c   p a n e l  
response 1 

145 Onset 

140 Onset 

140 Penet 1 

14 5 Penet 2 

14 5 Onset 
(E r ra t i c   pane l  
response) 

130 Onset 

130 Pene t r a t ion  
sequence 

122  Onset 

130 Onset 

sequence 

1.4 600  .94 .15 125 Penet 1 

1.4 600 1.22 .15 130 Penet 2 

1.4 750 .22 .10 135 Onset 

1.% 750  .29-.61 .10 135-140 Pene t r a t ion  
sequence 

1.4  750 .50 .15 135 Onset 

1.4 375  .96 . l o  120  Onset 
(E r ra t i c   pane l  
response) 

1.4 375 1.35 .10 110 Penet 1 

1.4 375  1.6 .10 115 Penet 2 

1.4 900 .15 .15 140 Onset 

response 
(Er ra t i c   pane l  
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Panel Log 

4 

I 
5 

v 
5 

129 

132 
133 

136 
6 
7 

8 
9 
16 
18 
19 

20 

21 

22 

23 
24 
25 
26 
27 
28 
34 

36 

37 
38 
39 

Configuration 

61-cvc-cs 

I 
6 l-cvo-cs 

I 
6, -cvc-cs 
I 

62-cvc-cs 

62-cvc-cs 

1.4 900 

1.4 750 
1.4 750 

1.4 600 
1.4 690 
1.33 668 

1.2 850 
1.35  675 

1.4 675 
1.3 625 

1.3 645 

1.3 720 
1.2 750 
1.3 600 

1.3 500 
1.3 325 
1.3 625 
1.3 675 
1.4 650 
1.4 720 
1.4 755 

1.3  670 

1.2 795 
1.3 675 
1.3 675 

.68-.94 .15 130-150 Pene t r a t ion  
sequence 

71 .15 135 Onset 
.84-1.17 .15 130-140 Pene t r a t ion  

90 
0 
0 

0 

0 

0 

0 

0 

0 
.14 
29 
99 

0 

0 

0 

0 

0 

0 

0 

0 

.31 

s equenc e 

.15 140 Onset 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

.10 

145 Onset 

125-130 Onset 

130 Onset 

125 Onset 

125 Onset 

130 Onset 

125 Onset 
( E r r a t i c   p a n e l  
response) 

125 Onset 

125 Onset 

135 Onset 

125 Onset 

130 Onset 

130 Onset 

125 Onset 

130 Onset 

130 Onset 
140 Pene t r a t ion  

(Er ra t i c   pane l  
response 

135 Onset 
(E r ra t i c   pane l  
response 1 

130 Onset 

130 Onset 

125 Onset 
(E r ra t i c   pane l  
response) 
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Panel 

5 

I 

5 

118 

Log 

40 

41 

42 
43 
44 
50 

51 

52 

53 
54 

55 

58 
59 
60 
61 

62 
63 
64 

66 

68 
69 

Configuration M 9 ii 
(PSf 1 

X 

6,-CVC-CS 1.3 675  .71 
c 

1.3 450 1.06 

1.3 450 .72 

1.3 450 1.01 

1.3 350 .94 
1.3 900 0 

1.3 550 .36 
1.3 550 .734 
1.3 550 1.09 

1.3 740 0 

1.3 740 .29-.67 

1.3  400  .831 
1.3 400 1.09 
1.3 400 1.02 

1.3 825 o 

1.3 500 .72-1.18 

d2-CVC-CS 

AP f Comment 
( P s i )  (Hz) 

.15 110 Onset 
(E r ra t i c   pane l  
response)  

.09 125 Onset 
(Er ra t i c   pane l  
response ) 

0 1.20 Onset 

.10 100 Penet 1 

.07 110 Onset 

.OP 125 Onset 
( E r r a t i c   p a n e l  
response)  

0 125 Onset 

.10 lo5 Onset 

1 5  90 Onset 

0 135 Onset 
(E r ra t i c   pane l  
response) 

o 122-138 Pene t r a t ion  
sequence 

response) 
( E r r a t i c   p a n e l  

.05 145 Onset 

.08 150 Penet 1 

.10 110 Onset 

0 135 Pene t r a t ion  
(Er ra t i c   pane l  
response) 

.08 120 Pene t r a t ion  

-13 102 Pene t r a t ion  

0 130 Onset 
(E r ra t i c   pane l  
response) 

105-120 Pene t r a t ion  
sequence 

(Er ra t i c   pane l  
response) 

.05 115 Onset 

0 125 Onset 



Panel Log Configuration M 9 AP f Comment % 
(PSf 1 (Psi  1 (Hz) 

5 70 62-cvc-cs 1 . 3  600 .48- .87 -01- 115- Penet ra t ion  

1 .10 135  sequence 

73 1 . 3  300 .93 o 120 Onset 

74 1 . 3  350 .62 0 120 S tab le  

75 1 . 3  350 -93 0 120 Penet 1 

81 62-CVC-NCS 1 . 4  840-865 O .05 135 Onset 

82 

1.3 830 0 0 130 Onset 84 
1.2 915 0 0 130  Onset 83 

1.3 790 0 0 130  Onset 

(E r ra t i c   Pane l  
response) 

85 1.3 915 0 .08 125 Onset 

86 

1 . 3  850 .4'4 0 135  Penet 2 96 

1 . 3  850 .24  0 135  Penet 1 95 

1 . 3  850 0 0 140 Penet ra t ion  94 
1.3 450 1.4 .10 70 Onset 93  

1.3 450 .88 0 120 Onset 92 

1 .3  550 1.3 '1  .05 50 Onset 9 1  

1 . 3  550 .97 .10 110 Onset 90 

1 . 3  550 * 58 0 125  Onset 89 
1 . 3  650 1 .04  .15 78 Penet ra t ion  88 
1 . 3  650 .73 .10 110 Penet ra t ion  87 

1 . 3  650 .41 0 135  Penetrat ion 

102 

1.3 900 .6 8 .15 75 Onset 104 
1.3 900 - 2 9  .10 115 Onset 103 

1 . 3  900 0 0 135  Penetrat ion 

'I 

6 6 62-CVC-NCS 1 . 4  735 0 0 125  Onset 

7 1.3 715 0 0 125  Onset 

, 

I 1: I (Er ra t i c   pane l  
response) 

1 . 2  835 0 0 115 Onset 

1.3 550 .41 0 105  Onset 
6 11 62-CVC-NCS 1.3 450 .57 ' 0 112.5  Onset 

(E r ra t i c   pane l  
response) 
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Panel 

6 

'I 

6 

12 0 

Log 

12 

13 
1 4  

1 5  
16  
17 
18 

19 
20 

21 

22 

23 

26 

27 

35 
36 
37 
38 
39 

42 

43 

46 
47 
48 
49 

50 

Configuration M 9 
(psf )  % 

6,-CVC-NCS 
L 

1.3  350 .63 

1 . 3  650 .18 
1 . 3  500 .42 

1 .3  400 .57 
1 . 3  450 . 5 1  
1 .3  250 .81 
1 .3  250 1.13 

1 . 3  225 .96 
1 . 3  500 .49 
1 .3  500 .61-.73 

1.3 860 0 

1 . 3  865 o 
1 . 3  995 0 

1.3 700 .15 
1 . 3  700 .29-.50 

1 .3  600 .29 

1 .3  600 .43-.60 

1 . 3  400 1.69 
1.3 350 1.69 
1 . 3  300 1.69 
1 . 3  300 .96 

1 .3  300-850 .96 

A P f  Comment 
(Ps i  1 (HZ) 

0 108  Onset 

0 108 Onset 

0 112.5 Onset 
(E r ra t i c   pane l  
response) 

0 120 Onset 

0 117.5 Onset 

0 125 Onset 

0 ;OS Onset 

0 100 Onset 

0 110 Onset 

0 100 Onset 

0 110 Onset 

.08 120 Penetrat ion 
sequence 

0 110 Onset 

O 105-112 Penetrat ion 
sequence 

0 125 Onset 

0 125 Onset 

eo8 125 Onset 

0 125 Onset 

0 110-130 Penetrat ion 
sequence 

0 120 Onset 

0 120 Penet ra t ion  
s equenc e 

.08 115 Onset 

.08 100 Onset 

.08 105 Onset 

0 112 Onset 
survey 

(Data taken a t  
q = 200,  250, 
300 p s f )  

0 100-130 Deep pene- 
t r a t i o n  q 

increased  from 
300 t o  850 psf  



- 
Panel Log Configuration M 9 AP f Comment Nx 

(psf) (psi) (Hz) 

6 5 1  62-CVC-NCS 1.3 1000 1.69 0 102 Deep pene- 
t r a t i o n ,  
tunnel  over- 
he at 
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APPENDIX D 

E f f e c t  of Mach  Number on Pane l   F lu t t e r  Onset P red ic t ion  

It has become common p r a c t i c e   i n   p a n e l   f l u t t e r   a n a l y s i s   t o   d e s c r i b e  

t h e  Mach e f f e c t  by using  the  Ackeret  aerodynamic  theory  (Reference 21) 

i n  which t h e   l o c a l .   p r e s s u r e   c o e f f i c i e n t  i s  defined as 

cp = - x ( l o c a l   s l o p e )  
2 
B 

and 

B = C l  

While th i s   r e l a t ionsh ip   ho lds   ve ry   we l l   fo r  M > 6, it has  been 

demonstrated  (see  Reference 3 f o r  example) t h a t  it does  not  hold i n  

t h e  low supersonic  region (M < 45). This i s  r ead i ly   ev iden t   s ince ,  as 

M approaches 1 . 0 ,  B approaches  zero  implying  that   the   pressure  coeff ic ients  

increase  without limit. Experimental   data do n o t   b e a r   t h i s   o u t .  

A re la ted  problem i s  the  untenable  nature  of  the  nondimensional  panel 

f l u t t e r   pa rame te r  

i n   t h e  low supersonic  region.  This  parameter i s  commonly used t o  
def ine   pane l   f lu t te r   boundar ies  and t a c i t l y   i m p l i e s   t h a t  f3/q and 

consequently a, are inva r i an t   w i th  Mach number. It i s  e q u i v a l e n t   t o  

assuming t h a t   t h e  Mach number e f f e c t  is  properly  accounted for by t h e  

parameter   var ia t ion = dI@ - 1. The shortcoming  of t h i s  assumption w a s  

pointed  out   in   Reference 3 and  an a l t e rna te   pane l   f l u t t e r   pa rame te r   f (M)  

was i n t r o d u c e d . t o   r e a l i s t i c a l l y   a c c o u n t   f o r  Mach number e f f e c t .   R e s u l t s  

from the   p resent   t es t s   fur ther   suppor t   the   approach   taken   in   Reference  3 

on ’ 

- 

and provide   addi t iona l   da ta  on Mach number e f f ec t s .   F igu re  D . l  i s  a p l o t  
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o f   t h e  Mach number c o r r e c t i o n   f a c t o r  f ( M )  versus Mach number fo r   pane l  

length- to-width  ra t ios   of  4.48, 2 and 0.5. The las t  two are  adapted  from 

envelopes  of   experimental   data   that   are   given  in   Reference 3. I n   t h e  Mach 

range shown,  f(M) rep laces  B (which i s  p l o t t e d  for comparison)   for   the 

pred ic t ion   of   pane l   f lu t te r   onse t   boundar ies .  
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Unbuckled panels 
2 

1 

0 

Mach Number 

Figure D.1 Mach Number Correction  Factor  versus Mach Number 

NASA-Langley, 1971 - 32 


